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Membrane distillation (MD) is an emerging thermally-driven technology that poses a lot of promise in 
desalination, and water and wastewater treatment. Developments in membrane design and the use of 
alternative energy sources have provided much improvement in the viability of MD for different 
applications. However, fouling of membranes is still one of the major issues that hounds the long-term 
stability performance of MD. Membrane fouling is the accumulation of unwanted materials on the 
surface or inside the pores of a membrane that results to a detrimental effect on the overall performance 
of MD. If not addressed appropriately, it could lead to membrane damage, early membrane replacement 
or even shutdown of operation. Similar with other membrane separation processes, fouling of MD is still 
an unresolved problem. Due to differences in membrane structure and design, and operational 
conditions, the fouling formation mechanism in MD may be different from those of pressure-driven 
membrane processes. In order to properly address the problem of fouling, there is a need to understand 
the fouling formation and mechanism happening specifically for MD. This review details the different 
foulants and fouling mechanisms in the MD process, their possible mitigation and control techniques, 
and characterization strategies that can be of help in understanding and minimizing the fouling 
problem. 

© 2014 Elsevier B.V. All rights reserved. 
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1. Introduction 

The shortage of fresh water is one of the biggest challenges in 
the modern era [1,2]. As water is a major need for survival, there is a 
necessity for new technologies to help provide fresh water supply 
[3], Desalination is considered as one of the major key solutions that 
is sustainable and effective technology to the problem of fresh 
water scarcity [4,5]. As the population balloons to more than 
7 billion people, demand for fresh water has been increasing 
steadily. In the Arabian Peninsula, the demand for fresh water is 
reported to increase at a rate of at least 3% annually [6[. Thus, 
environmental and safety regulations are becoming more stringent 
to ensure sustainable solutions, and more efforts have been focused 
on improving the current membrane-based desalination technolo¬ 
gies such as RO. Among the promising techniques is by MD. 

MD is one of the emerging desalination technologies for the 
production of fresh water. MD is a thermally-driven transport of 
water molecules (in vapor phase) through porous and hydropho¬ 
bic membranes. One side of the porous membrane is a hot feed 
with high salinity and the other side is a cold permeate. The 
temperature gradient between the two sides creates a vapor 
pressure difference that drives the vapor to pass through the 
membrane and collected or condensed to pure water in the other 
side. MD has reduced sensitivity to concentration polarization, 
allowing it to operate even at high NaCl concentrations at the feed 
side [7[. MD has several advantages such as: (a) theoretically 100% 
salt rejection, (b) lower operating temperature than conventional 
distillation processes, (c) low energy consumption when waste 
heat or alternative energy source is used, (d) less requirements of 
membrane mechanical properties, and (e) lower operating pres¬ 
sure compared to conventional pressure-driven membrane pro¬ 
cesses such as RO [8-12]. MD can be employed for water 
desalination, removal of organic matters in drinking water pro¬ 
duction, treatment of water and wastewater, recovery of valuable 
components, and treatment of radioactive wastes [13-18]. How¬ 
ever to date, MD has not found large-scale industrial application 
yet although a number of pilot systems have been carried out in 
recent years [19-28]. 


Like all other membrane processes, a major inefficiency of MD 
is fouling, which causes a decline in the membrane permeability 
due to the accumulation of deposits on the membrane surface and 
inside the membrane pores. Theoretically, MD has 100% salt 
rejection and only water vapor is allowed to pass through the 
pores of the membranes; however, several factors such as poor 
long term hydrophobicity of the material, membrane damage and 
degradation, very thin thickness of the membrane, and the 
presence of inorganic, colloidal and particulate matters, organic 
macromolecules and microorganisms in the feed water could lead 
to fouling deposition and pore wetting, which can lower the salt 
rejection and deter the MD performance [29]. For MD, the issue on 
fouling is still not well understood, but is believed to have lesser 
degree of propensity compared to those in pressure-driven mem¬ 
brane processes such as RO and NF. However, the fouling phenom¬ 
enon is a time-dependent process, wherein its long-term effect 
cannot be easily predicted [30], Several studies have indicated the 
negative effect of membrane fouling on the MD process. 

A number of studies have investigated the effect of fouling on the 
overall MD process utilizing different types of membranes such as 
flat-sheet and hollow fibers, as well as using different modules [30], 
However, from our review of the literature, we have not found any 
review paper dedicated mainly to fouling and scaling in MD. 
Though, a number of review articles have been published detailing 
the occurrences and control of fouling in RO, NF, and UF [31-34], the 
fouling mechanism and propensity are expected to be different in 
MD due to differences in membrane structure and operational 
conditions. As fouling is an important issue that should be addressed 
to enhance the efficiency of MD process, there is a need to under¬ 
stand its formation mechanism, and the different parameters that 
affect its propensity and possible mitigation or cleaning strategies. 
Thus, it is deemed necessaiy to provide an up-to-date review of the 
fouling propensity of MD membranes during the MD operation. This 
review includes a brief overview of MD and its fundamentals, 
a literature review of the different kinds of fouling mechanisms 
that can be found in MD processes, the possible fouling mitigation 
and cleaning methods to enhance the MD efficiency, and the use of 
advanced membrane fouling characterization methods. 
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2. Overview of MD 

MD is mainly used to remove salts from a saline solution 
through the use of a hydrophobic porous membrane and thermal 
energy. It is also used to separate heavy metals from contaminated 
water or to remove trace volatile organic compounds [35,36], and 
to concentrate different kinds of aqueous solutions such as orange 
juice, whey protein solution and acid solution [37-42], The MD 
membrane acts as a barrier layer for the separation of vapor and 
water. Water evaporates at the feed-pore interface, then the water 
vapor diffuses through the membrane pores, where it is then 
collected or condensed at the permeate side by different methods 
[43], There are four main MD configurations depending on how 
the permeate is processed: DCMD, AGMD, VMD, and SGMD 
[44,45], In recent years, new MD configurations have been 
employed such as MEMD, MGMD, LGMD, and V-MEMD [46-52], 
Heat and mass transfer simultaneously occur during the MD 
process, wherein the heat transfer resistances across the boundary 
layers of the membrane surface are often the rate-limiting step at 
low flow rates, while the membrane resistance becomes predo¬ 
minant at higher flow rates [30,53], The design and structure of 
the membrane are very important factors to consider for an 
effective MD process. In fact, the membrane unit is reported to 
entail 20-25% of the total capital cost of a desalination plant [54], 
It is essential to understand the factors affecting the membrane 
performance and lifetime, especially on the issue of fouling, which 
affects much of the MD efficiency. 

The important characteristics of a good MD membrane include 
high hydrophobicity, high porosity, uniform pore size and narrow 
pore size distribution, low tortuosity, and thin thickness. Though 
MD holds a good promise as an alternative to the present 
pressure-driven processes, it is still not fully commercialized in 
industrial setting due to the following issues: (a) compared to RO, 
MD has relatively lower permeate flux [30,55]; (b) temperature 
and concentration polarization effects and membrane fouling 
leading to permeate flux decay; (c) membrane and module design 
for MD; and (d) it is a highly thermal energy-intensive process 
[30], However, recent progress of the possibility of utilizing low- 
grade waste heat and solar or geothermal energy sources to save 
in electrical energy cost has made MD more attractive as an 
alternative to or in conjunction to RO. Additionally, a lot of efforts 
have been made in recent years in the fabrication of new and 
improved MD membrane design and structure including flat- 
sheet, hollow fiber and nanofiber membranes with high MD flux 
and salt rejection performance that makes MD more viable for 
many applications [53,56-58], 

Long-term stable flux performance and salt rejection are 
important aspects to consider for the industrial implementation 
of MD. However, flux decline is usually encountered in MD 
operation, which is largely caused by temperature polarization 
effect [30,59], wetting, and membrane fouling. Fouling is a serious 
problem that when left unaddressed, the MD performance espe¬ 
cially for long term operation will suffer and can cause major 
damages and costs in the MD process. It is worth noting that 
different opinions and results have been reported in the literature 
about the role of fouling in MD. Some studies reported no 
significant effect of fouling to the MD permeate flux, while other 
studies showed major drop in flux performance due to fouling. 
With the rapid expansion of the applications of MD, including 
treating wastewaters, complex solution make-up and character¬ 
istics can be encountered in real-world processes, leading to not 
only a single component fouling mechanism, but a combination of 
different fouling mechanisms that would be difficult to control or 
clean. For example, an investigation of a fouling layer after 
seawater pretreatment found a combination of organic, inorganic 
and biological fouling matters [60], 


2.2. Membrane wetting 

In addition to fouling, membrane wetting is another challenge. 
Especially for long-term operations, progressive membrane wet¬ 
ting has been observed [61], To lessen the possibility of wetting 
and water penetration, hydrophobic materials (i.e., with high 
contact angles and low surface energy) such as PVDF, PP, and PTFE 
with small maximum pore size and good PSD are used for 
membranes in MD. Fig. 1 shows the different degrees of mem¬ 
brane wetting [62], namely: (a) non-wetted, (b) surface wetted, 
(c) partial-wetted, and (d) fully-wetted membrane. Surface wet¬ 
ting (Fig. IB) usually happens due to the phenomena in the surface 
and also associated with long term use, but the membrane still 
maintains a gap for the vapor to pass through, and proceeds with 
the vaporization-distillation process. Partial wetting (Fig. 1C) has 
some portions of the membrane open for water to pass through 
while other pores have decreased gap between the feed and 
permeate. And fully-wetted membrane (Fig. ID) leads to ineffi¬ 
cient MD performance, as the feed just flow through the mem¬ 
brane leading to low-quality permeate. 

The surface energy of the material, surface tension of solution, 
and membrane pore size and geometry are factors affecting the 
LEP of the membranes. LEP is the pressure at which the liquid 
starts to penetrate the pores of the membrane, until the liquid 
passes through the membrane. LEP is calculated by the following 
Laplace-Young equation [57]: 

LEP = (-4B g (j cos 9)/d max (1) 

where B g is a pore geometric factor (B g = 1 for cylindrical pores), a 
is the surface tension of the solution, 6 is the contact angle 
between the solution and membrane surface, and d max is the 
diameter of the largest pore size in the membrane. High LEP is 
needed for better MD efficiency. From Eq. (1), LEP can be increased 
by increasing the contact angle of the material, or using hydro- 
phobic or superhydrophobic materials or by having smaller pore 
sizes. However, other factors such as the presence of surfactants in 
the solution can make the membrane wet, but the major con¬ 
tributor to membrane wetting is fouling [63], 

2.2. Theoretical background 
2.2.1. Mass transfer 

In MD, the driving force is the gradient of partial pressure of 
vapor at the interface between the liquid and the hydrophobic 
membrane, and the transmembrane flux for mass transfer can be 
expressed as [64,65]: 

J = Cm(p fm -p pm ) (2) 

where J is the mass transfer flux, C m is the overall mass transfer 
coefficient, and p/ m and p pm refer to the partial vapor pressures at 
the feed and permeate vapor-liquid interfaces [64]. The vapor 
pressure is related exponentially to the temperature of the solu¬ 
tion (Antoine equation, p=e (A ~ (B/(c+r)) ) [45]; thus at higher 
temperature difference, a higher driving force is expected leading 
to increased permeate flux. Expounding Eq. (2) based on the 
Knudsen-molecular diffusion model would lead to the following 
equation [66]: 

e pD AB (p-Ppm)/pDAB+ (3/4d) sj2nM A /RT m 
] = —tL-pg in Y- —L - (3) 

rSRT m (p-p fm ) /pDAB + (3/4d) v '2jrM A /RT m 

In this equation, all factors affecting the DCMD flux are included 
such as membrane characteristics (d, e, S, r), temperatures of the 
feed and permeate fluids (pf m , Ppm), diffusivity ( D AB ) and molecular 
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Fig. 1. Different forms of wettability of a membrane: (A) non-wetted, (B) surface-wetted, (C) partial-wetted, and (D) fully-wetted (adapted from [62]). 


weight ( M a ) of transported component, fluid properties, and 
dynamics of the fluid in the membrane module [67], 

2.2.3.3. Vapor pressure depression. Vapor pressure at the feed and 
permeate sides is affected by temperature at both surfaces of the 
membrane, which is determined by the resistances offered by 
polarization effects at both sides of the membrane, and the micro- 
porous membrane. However, when the feed solution contains 
foulants, a fouling layer can be formed on the membrane surface, 
which could provide additional flux resistance. Several theoretical 
models have been presented to describe heat and mass transfer in MD 
[43,44,64,65,67-73] including the effect of the fouling layer. The 
additional layer due to fouling is known to add heat transfer 
resistance in the MD process. This is particularly true for fouling 
layers that are porous such as those formed from inorganic salts and 
cake-forming humic materials. However, there are fouling layers that 
have very small pores (< 50 nm) or free volume, typically due to 
NOM in the form of proteins, aminosugars, polysaccharides and 
polyhydroxyaromatics, which usually have thin thickness ( < 100 pm) 
[29,55,74], 

Recent studies [29,74-76] speculated that aside from heat 
transfer resistance, the gel-like fouling layer (MMBF) with small 
pores or free volume can add hydraulic resistance to water 
permeation. However, these studies did not attempt to incorporate 
the hydraulic resistance due to fouling into an MD model. It was 
reported that the fouling layer with small pore (typically less than 
50 nm) or free volume causes vapor-pressure depression owing to 
the Kelvin effect leading to the reduction of driving force, and 
consequently reduced flux [75], Liquid water is drawn inside the 
gel-like hydrophilic MMBF layer via a capillary action, forming a 
concave liquid/vapor interface within the MMBF layer that results 
to vapor depression [75]. However, the Kelvin effect was not 
attempted to incorporate in a model. 

In a new study, Chew et al. incorporated the effect of hydraulic 
resistance due to fouling in their DCMD model for MDBR applica¬ 
tion [55], Taking into account the vapor depression at the feed side 
due to the presence of MMBF layer with small pores (d < 50 nm), 


Eq. (2) becomes [55] 

Jvd = Cm (Pfm ~ PpnJ (^) 


where p' fm is the reduced vapor pressure due to vapor pressure 
depression. The Kelvin equations [77,78] give the relationship 
between the reduced vapor pressure and the normal vapor 
pressure at the feed side expressed as [55] 


. P' fm 4aV w 
In - J — = --Sr—, 
Pfm Rt fm d 


-p 


(5) 


According to Chew et al. [55], depression of pj m /P/ m becomes 
significant at d < 50 nm, reaching to 46% depression at d=4nm. 
Increasing value of dimensionless p indicates decreasing pore 
diameter. Incorporating the Kelvin equations (Eq. (5)) into Eq. (4) 
yields the following: 

J V d = Cm{pf m e-P-p pm ) ( 6 ) 


By perturbation expansion in the small parameter p , which 
characterizes the pore diameter, and further solution truncating 
after the first order, the mass flux considering the effect of vapor 
pressure depression owing to Kelvin effect is expressed as [55] 

Jvd —J — CmPfmP (7) 


Eq. (7) indicates that the Kelvin effect reduces the flux by a factor 
of C m pfmP. Converting Eq. (7) into a normalized equation results to 


Jvd _^_ \ _ 

J 1 - ( Ppm/Pfn 


P= 1 


1 (4aV w \ 
1 - (Ppm/Pfm) 


( 8 ) 


2.2.2. Heat transfer 

Heat transfer in the MD process can be analyzed from the 
resistance of a transport process. The resistances to heat transfer 
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without fouling involve three main sections: the resistances due to 
the hydrodynamic boundary layers at the feed and permeate sides, 
and the membrane resistance. When a fouling layer is present, the 
layer provides an additional thermal resistance to heat transfer. 
The four heat transfer steps have their own driving force and 
thermal resistances (see Fig. 2), and in a steady state condition, the 
heat transfer is equal to each other and is expressed as follows 
[55,67]: 


n (/ f// f// f/m f/m fpm t pm — tp 1 , r 

~ R2 - ir 3 r 4 r~i ~ p 


O) 


where R 3 = \/h 3 and R 4 =l/h 4 are convective heat transfer resis¬ 
tances associated with the hydrodynamic boundary layers at the 
feed and permeate sides, respectively; R 2 =8 2 lk 2 is associated with 
the heat conduction at the fouling layer, and R 3 = l/((1/R m ) 
+(1/R V )) = 1/((k m /S m ) +2C m (dp/dr| Tm )) is the equivalent resis¬ 
tance of the parallel resistances associated with the heat conduc¬ 
tion at the membrane (considering the solid part and the pores) 
and the heat flux required to vaporize the water through the 
membrane [55]; and R t is the total heat transfer resistance from 
the hot feed to the cold permeate. A solution of Eq. (9) allows the 
determination of the individual temperatures at both sides of the 
membrane surfaces (t/ m and t pm ) [55]: 


(R\+R 2 )(t f -t p ) R u (t f -tp) 

fm f R 3+ (R 4+ R 2 + R 4 ) f r 3 + r U4 


( 10 ) 


tpm 


P R 3 +(Ru4) 


(ID 


The unknown temperature difference, tf m - t pm in relation to the 
known temperature difference, tf-t p can then be expressed as [55] 

r _r r 3 {tf-tp) R 3 (t f -tp) 

fm pm R 3 + (R,+R 2 +R4) R 3 +(Ru 4 ) ( 


2.2.3. Temperature polarization coefficient 

Heat and mass transfer occur simultaneously in MD. The 
temperatures at the boundary layers of both the feed and perme¬ 
ate sides are different from those at the bulk temperatures due to 
temperature polarization. Changes in the driving force (i.e., differ¬ 
ence in partial water vapor pressure brought about by temperature 
difference) are usually evaluated through TPC presented as follows 
[65,79,80]: 

TPC= (tf m — tp m ) /(tf — tp) (13) 

TPC indicates the thermal efficiency of the MD system, wherein 
a value nearing unity suggests good thermal efficiency, and values 
nearing zero means otherwise. It must be noted though that TPC is 
not a direct coefficient of the reduction in MD driving force, which 
means that the same TPC values do not necessarily mean having 
the same driving force values [59], 

Considering the effect of a fouling gel-like layer (MMBF) with 
very small pores or free volume formed on the membrane surface, 
TPC becomes [55]: 



TPC was found to decrease with the decrease of the pore 
diameter of the MMBF layer and also with the decrease of the 
membrane resistance R 3 with respect to the external resistance R 4 . 
In the analysis of Chew et al. [55], they suggested that one possible 
way of mitigating the effect of vapor pressure depression due to 


the MMBF layer with small pores is through increasing the heat 
transfer resistance of the membrane. This mitigating strategy is 
especially effective for fouling layer with larger characteristic pore 
diameters. Thus, a low thermal conductivity membrane would 
possibly help in lessening the effect of vapor pressure depression, 
and at the same time, it can reduce the conductive heat losses 
during the MD process. Further suggestion was to utilize a dual¬ 
layer membrane wherein a hydrophilic layer with reasonably 
larger pores (d > 50 nm) is facing the side with MMBF layer [55]. 


3. MD fouling 

Fouling in general is the accumulation of unwanted deposits 
on the surface of the membrane or inside the pores of the 
membrane that degrade its permeation flux and salt rejection 
performances [62,81], This is one of the major problems in 
membrane-based processes. Particularly in pressure-driven tech¬ 
nologies (i.e., RO, NF, UF), fouling could pose a very detrimental 
effect to the desalination and purification process. Generally, the 
foulants are colloidal in nature that interact with each other, and/ 
or interact with the membrane surface to form deposits. Fouling 
formation mechanism can be understood by examining the forces 
of interaction between the particles (foulants) and the membrane 
surface, and is best described by the classical DLVO theory 
[82,83], The DLVO theory states that the net particle-surface 
interaction (or particle-particle) is a summation of the van der 
Waals and the electrical double layer forces. If the particle and 
surface have different charges, they will have attractive interac¬ 
tion, while if the particle and surface have similar charges, they 
will be repulsive of each other. In order to minimize fouling, the 
surface and the particle should be kept repulsive of each other or 
reduce the interaction between them. Moreover, particles in a 
solution can agglomerate and form particulates and deposit on 
the membrane surface. The agglomeration rate is a function of 
particle collision and attachment coefficient, wherein higher 
frequency of collision and large attachment coefficient could lead 
to more aggregation [84], The electric double layer interaction 
is weak at high ionic strength such as in seawater and the 
particle-particle interaction is dominated by acid-base interac¬ 
tion [85,86], while the van der Waals interaction has low sensiti¬ 
vity to changes in pH and concentration of electrolytes. 

All known kinds of fouling found in other membrane- 
separation processes also exist in MD. A fouling layer gives 
additional thermal and hydraulic resistances, which depend on 
the characteristics of the fouling layer such as porosity and 
thickness [7,87]. As can be seen in Fig. 2a, the formation of fouling 
layer reduces the temperature difference across the membrane or 
an increase in temperature polarization [88], which translates to 
lesser driving force. If the fouling layer is non-porous, it is likely to 
contribute to both thermal and hydraulic resistances, while a 
porous fouling layer may only result to thermal resistance [29], 
Gryta [29] investigated the fouling mechanisms of different 
foulants from wastewater with proteins, bilge water, brines and 
from the production of demineralized water in a DCMD set-up 
using polypropylene capillary membranes. Varying fouling ten¬ 
dencies and intensities were observed for the different feed 
waters. Two types of fouling layers were observed both of which 
decreased the permeate flux: the porous (Fig. 2b) and non-porous 
(Fig. 2c) deposit layers. The porous deposit layer provides addi¬ 
tional heat resistance, thus decreasing the permeate flux. On the 
other hand, the non-porous deposit lessens the transport of water 
vapor across the membrane or more mass transfer resistance. 

Due to membrane pore size, properties, and operational para¬ 
meter differences, the role of fouling in MD may be different 
compared to pressure-driven membrane processes, and much 
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Fig. 2. (a) The effect of fouling on the temperature distribution of DCMD membrane, and; microscopic images of membranes fouled by (b) CaC0 3 and (c) protein, and 
(c) a virgin (unfouled) membrane ((b)—(d) are adapted from [29]). 


more different compared to those encountered in heat exchangers 
[30,89], Previous studies [29,81,90] reported a more severe fouling 
due to deposition of protein and CaC0 3 scaling as the feed water 
temperature increased. Fig. 2b-d shows the microscopic images of 
virgin (unfouled) (Fig. 2d) and fouled membranes covered with 
CaC0 3 (Fig. 2b) and protein (Fig. 2c) deposits. The flow velocity 
was observed to affect the growth rate of the fouling layer as well 
as the morphology and size of the deposits. Higher velocity led to 
smaller ciystal formation and porous deposit layer, while lower 
velocity produced thicker deposits in the form of “mountain-like” 
structures [29], 

Fouling is a complex phenomenon, which is affected by 
different factors in its formation on/in the MD membrane surface. 
Understanding the fouling phenomena is a requisite to have a 
better approach in minimizing, mitigating, and cleaning the 
fouling formation. Fig. 3 shows the different factors affecting 
fouling grouped into four [31]: (a) foulant characteristics (con¬ 
centration, molecular size, solubility, diffusivity, hydrophobicity, 
charge, etc.); (b) membrane properties (hydrophobicity, surface 
roughness, pore size and PSD, surface charge, and surface func¬ 
tional groups); (c) operational conditions (flux, solution tem¬ 
perature, and flow velocity), and; (d) feed water characteristics 
(solution chemistry, pH, ionic strength, and presence of organic/ 
inorganic matters). The type of fouling that will occur on the 
membrane surface is mainly affected by the kind, concentration 
and properties of foulants present in the feed water, and the 
solution chemistry of the feed water. On the other hand, inter¬ 
action between the foulants and the membrane surface could 
enhance the fouling propensity; thus membrane properties can 
significantly affect fouling. The operational conditions such as 
feed temperature and flow velocity can also affect the extent of 
fouling. 



Fig. 3. Factors affecting membrane fouling: (a) foulant characteristics (concentra¬ 
tion, molecular size, solubility, diffusivity, hydrophobicity, charge, etc.); 
(b) membrane properties (hydrophobicity, surface roughness, pore size and PSD, 
surface charge, and surface functional groups); (c) operational conditions (flux, 
solution temperature, and flow velocity), and; (d) feed water characteristics 
(solution chemistry, pH, ionic strength, and presence of organic/inorganic matters). 


The sites where fouling occurs can be divided into external 
surface fouling or pore blocking fouling (see Fig. 4) [91], As the 
name implies, external surface fouling refers to the build-up or 
formation of deposits or cake/gel-like layers on the outer surface 
of the feed-side of the membrane. Pore blocking happens when 
scales or foulants are formed inside the pores of the membrane by 
partial blocking or gradual narrowing of the pore, or by complete 
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pore blocking, wherein the full diameter and depth of the pores 
are covered with deposits [92]. External surface fouling is usually 
reversible and can be cleaned by chemical cleaning, while internal 
fouling or pore blocking is in most cases, irreversible, due to 
compaction of foulants, and membrane degradation [93]. In a 
previous DCMD study [29], closer inspection of the fouled mem¬ 
brane showed that scales were not only observed on the mem¬ 
brane surface, but also inside the pores of the membranes. The 
study observed that scale formation inside the pores could lead to 
damage of the membrane. 

The foulants found in membrane technology including MD can be 
divided into three broad groups according to the fouling material 
[94]: (a) inorganic fouling, (b) organic fouling and (c) biological 
fouling (see Fig. 5). Inorganic fouling is caused by the deposition of 
inorganic colloidal particles and particulates and/or crystallization or 
precipitation of hard mineral salts from the feed such as calcium 
carbonate, calcium sulfate, silicate, NaCl, calcium phosphate, BaS0 4 , 
SrS0 4 , ferric oxide, iron oxide, aluminum oxide, etc. Organic fouling is 
due to the deposition of organic matters such as HA, fulvic acid, 
protein, polysaccharides, and polyacrylic polymers. And biological 
fouling is caused mainly by microorganisms such as bacteria and 
fungi, sludge, algae, yeast, etc. However, in most cases, a single 
fouling mechanism does not occur in real MD processes, but a 
combination of different fouling materials and mechanisms that 
make it more complicated to deal with as depicted in Fig. 5. 

3.1. Inorganic fouling 

Inorganic fouling generally refers to scaling, being the deposi¬ 
tion of precipitated hard minerals from the feed solution that 


FEED SIDE 




Surface fouling (external) 

i 


Pore blocking (internal) 


Membrane 


Thermal resistance 


vapor Thermal and hydraulic resistances 


PERMEATE SIDE 


Fig. 4. The fouling sites on a membrane can be divided into surface fouling 
(external) or pore blocking (internal). 



Inorganic 

fouling 


Biological 

fouling 


Organic 

fouling 


Fig. 5. Schematic representation of the different fouling mechanisms according to 
the fouling material found in MD. In the real world processes, fouling usually occurs 
as mixed fouling, i.e., the combination of different of fouling mechanisms happen¬ 
ing simultaneously. The dotted lines in the diagram with areas a, b, c and M show 
the different instances of mixed fouling between two or more fouling mechanisms. 
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Fig. 6. Schematic representation of the surface (heterogeneous) and bulk (homo¬ 
geneous) crystallization mechanisms during inorganic fouling of membrane 
distillation. 

involves both crystallization and transport mechanisms. Addition¬ 
ally, inorganic colloidal particles and precipitates such as silica, silt, 
clays, corrosion products, etc. also largely contribute to inorganic 
fouling. Scales are formed when the ionic product of sparingly 
soluble salt exceeds the equilibrium solubility product [81], Scal¬ 
ing is one of the major challenges that hinder the full-scale 
operation of MD for desalination [90]. In MD processes, a super¬ 
saturated condition is mainly caused by water evaporation and 
temperature changes leading to nucleation and growth of crystals 
in the feed solution and to the membrane surface [79]. The 
supersaturation condition and precipitation kinetics should be 
considered in determining the severity of fouling [32]. 

Deposits in MD usually start forming at the biggest pores of the 
membrane, as they are prone to accelerated wettability compared 
to smaller pore sizes [95 . The nucleation of crystals directly on 
the membrane surface (surface crystallization) is called hetero¬ 
geneous crystallization, while those that nucleate in the bulk (bulk 
crystallization) are termed as homogeneous crystallization [96] 
(see Fig. 6). The scaling in MD usually involves these two mecha¬ 
nisms making it more complex. 

At supersaturated condition, there is more tendency for ions, 
precipitated particles and foreign matters to collide with each 
other thus forming secondary crystallization in the bulk phase, 
and go to the surface as particulates via gravitational settling or 
particle transport [97,98], Deposit layers formed on the membrane 
surface provide additional thermal resistance and increase the 
temperature polarization, thus leading to reduced driving force 
across the membrane, and consequently lower the permeate flux 
[99]. The most common scales in MD are CaC0 3 , CaS0 4 , calcium 
phosphate, and silicate [100], Other potential scale foulants 
include BaS0 4 , SrS0 4 , MgCl 2 , MgS0 4 , ferric oxide, iron oxide 
[101], and aluminum oxide. 

Several factors affect the rate of scaling such as the degree of 
supersaturation, flow conditions, membrane surface and solution 
temperature, water properties, the surface properties such as 
roughness and morphology, the kind of substrate material, and 
any nucleation site available such as particulates or impurities in 
water [102,103], Table 1 shows a list of fouling studies on inorganic 
fouling in MD. 

Calcium carbonate scales (alkaline scale) have three anhydrous 
crystalline polymorphs, namely: calcite, aragonite and vaterite. 
The most thermodynamically stable is calcite and the least one is 
aragonite [104,105], Calcite usually has a round shape, an average 
particle size of 10 pm, and is formed at ambient temperatures 
(i.e., < 30 °C) [106], Aragonite exists in a needle-like structure and 
is usually formed above 30 °C [106], while vaterite has a spherical 
structure with diameters from 0.05 to 5 pm. CaC0 3 is one of the 
most common foulants found in cooling water systems [107-109], 















































































Table 1 

Published reports in the literature about inorganic fouling in membrane distillation. 


Foulant 

MD set-up 

Membrane 

Pore size Porosity 

Feed composition 

Inlet 

Flow rate 

Flux 

Salt 

Observation 

Ref. 



type 

(urn) (%) 


temperature 

(Feed/ 

(kg/ 

rejection 








(Feed/ 

permeate) 

(C) 

permeate) 

m 2 h) 

(%> 



CaC0 3 

DCMD 

Capillary PP 

0.22 73 

Na: 29, Cl: 70, Ca: 60, Mg: 

(80-90)/20 

0.3-1.4/ 

17.1- 

_ 

Feed flow rate has a significant influence on the morphology of the 

[Ill] 





15, I<: 7 (mg/L) and HCOf: 


0.26-0.29 

25.3 


formed CaC0 3 deposit. 






2.2-2.4 (mol/L). 


(m/s) 





CaC0 3 

DCMD 

Hollow fiber 

0.18 82 

Recirculating cooling water 

50/20 

0.5/0.2 (m/s) 

- 

- 

NOM, antisealant additives and Mg 2+ in RCW act as an inhibitor to 

[112] 



PVDF 







CaC0 3 crystal growth in aqueous phase. 


CaC0 3 

DCMD 

Capillary PP 

0.22 73 

Na: 29.9, Ca: 63.2, Mg: 16.4, 

(50-90)/20 

0.35-1.2/ 

6.5- 

- 

Deposits were formed not only on the membrane surface, but also 

[29] 





Cl: 0.2 (mg/L) and HCO^: 
2.2-2.4 (mol/L). 


0.12 (m/s) 

23.3 


inside the pores. 


CaC0 3 

DCMD 

Capillary PP 

0.22 73 

Tap water with the addition 

80/20 

Feed: 0.11- 

29.3- 

- 

The formed deposit was systematically removed from pre-filter by 

[113] 





of NaHC0 3 and CaCl 2 (mole 
ratio 2:1) 


1.3 (m/s) 

32.3 


3 wt% HC1 solution. 


CaC0 3 

DCMD 

Hollow fiber PP 

0.2 

NaCl: 23.27, Na 2 S0 4 : 3.99, 

40/20 

0.007/0.007 

1.4- 

- 

Two-step cleaning with citric acid aqueous solution (20 min)/NaOH 

[7] 





NaHC0 3 : 0.193, Na 2 C0 3 : 


(m 3 /min) 

2.1 


aqueous solution (20 min) allowed to completely restore the 






0.0072, CaCl 2 2H 2 0: 1.47 
(mg/ml) 





transmembrane flux and the hydrophobicity of the membrane. 


CaC0 3 

DCMD 

Capillary PP 

0.22 73 

Tap water with the addition 

85/20 

0.58/0.116 

- 

- 

The application of magnetizer for the feed treatment during MD 

[114] 





of NaHC0 3 and CaCl 2 (mole 
ratio 2:1) 


(m/s) 



process also reduced negative effects of the scaling. 


CaC0 3 

DCMD 

Capillary PP 

0.22 73 

Tap water with the addition 

(80—90)/20 

0.15-0.63/ 

25- 

- 

An increase in the feed temperature accelerates the hydrolysis of 

[115] 





of NaHC0 3 and CaCl 2 (mole 
ratio 2:1) 


0.12 (m/s) 

38.5 


polyphosphates. 


CaC0 3 

DCMD 

Flat-sheet PTFE, 

PVDF-1: 0.2 PVDF-1: 

Na: 10,000, HCOf: 142, 

(30-50)/24 

0.015/0.015 

~ 118 

- 

PVDF and PTFE showed different fouling patterns. 

[116] 



PVDF 

80 

SiO§-: 1.5 (mg/L) 


(m 3 /min) 








PVDF-2: PVDF- 

0.45 2: 60 

PTFE-1: 0.2 PTFE- 
1: 65 

PTFE-2: 0.2 PTFE- 

2: 66 








CaC0 3 

DCMD 

Capillary 

0.2, 0.43, 

0.5 M NaCl, sugar 

30-50/20 

- 

1.7- 

95.00- 

A non-linear relationship has been observed between water flux 

[117] 



(Polypropylene) 

0.45 and 

1.0 

0.25 79 




5.8 

99.98 

and increasing temperature gradient at higher AT. 


CaC0 3 

VMD 

Hollow fiber 

Na: 10, Ca: 30 (mg/L) of 

Feed: 52, 60 

Feed: 0.10- 

9.0- 

_ 

Microwave irradiation had no significant effect on the mechanical 

[118] 



PVDF 


bulk solution 

Permeate: 

0.55 (m/s) 

17.2 


properties and hydrophobicity of the membrane materials. 







-90 to 




However, microwave irradiation could strengthen the mass transfer 







-96 kPa 




process of VMD. 


CaC0 3 , 

DCMD 

Hollow fiber PP 

- 

CaCl 2 and NaHC0 3 Or CaCl 2 

(72.0-75.7)/ 

465/138 

- 

- 

Antisealant K752 is more effective in inhibiting CaS0 4 scaling 

[119] 

CaS0 4 




and Na 2 S0 4 

(21.5-23.5) 

(ml/min) 



compared with other antisealants tested. 


CaC0 3 , 

DCMD 

Hollow fiber PP 

0.1, 0.2, 0.6 50, 60- 

Tap water with the addition 

(70-80J/20 

80-1438/ 

4.8- 

- 

The concentration polarization effect is stronger than the 

[120] 

CaS0 4 



(maximum) 80 

of Ca 2+ and HO 3- 


138 

(ml/min) 

14.3 


temperature polarization effect during DCMD 


CaS0 4 

DCMD 

Capillary PP 

0.22 73 

Saline wastewater from ion 

80/20 

0.11/0.046 

14.6- 

- 

The permeate flux decline was limited by removing the CaC0 3 

[96] 





exchanger regeneration 


(m/s) 

18.8 


deposit from the membrane surface by rinsing it with 2-5 mass % 
HC1 solutions. 


CaC0 3 , 

DCMD 

Flat-sheet PTFE 

0.22 70 

10 mM: CaC0 3 or CaCl 2 and 

40/20 

0.001/0.001 

1.0- 

- 

Scaling caused by CaS0 4 on MD membrane was much more severe 

[1211 

CaS0 4 , 




KHC0 3 or Na 2 Si0 3 20 mM: 


(m 3 /min) 

35.0 


than scaling caused by CaC0 3 or silicate. A decrease in the induction 


silicate 




CaS0 4 





period, and the size of the CaS0 4 crystals increased as the feed 
temperature increased. 


CaC0 3 , 

DCMD 

Flat-sheet PP 

0.1 65-70 

NaHC0 3 : 213.4, Na 2 S0 4 : 

60.3/18.9 

600/550 

30 

99.95 

Acid and alkaline washing was employed for the clean-in-place 

[122] 

CaS0 4 , 




3462.7, CaCl 2 : 623.8, 


(ml/min) 



(CIP) procedure of module. 


silica 




Na 2 Si0 3 • 9H 2 0: 454.4 
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CaS0 4 

DCMD 

Hollow fiber 
PVDF 

0.16 

90.8 

CaS0 4 

Na 2 S0 4 

DCMD 

Hollow fiber 

0.6 

60-80 

Ca 2+ 

DCMD 

Hollow fiber PP 

0.2 

- 

NaCl 

DCMD 

Hollow fiber 
PVDF 

0.082 

82-85 


NaCl 

DCMD 

Flat-sheet PTFE 0.2, 0.5 

0.70, 

0.85 

NaCl 

DCMD 

Capillary PP 0.22 

72 

NaCl 

VMD 

Hollow fiber PP 0.2 

55-65 


Na 2 S0 4 

DCMD 

Flat-sheet PVDF 

0.22 

70 

NaCl 

DCMD 

Flat-sheet PVDF 

0.2 

75 




0.22 

80 

NaCl, real 

DCMD 

Hollow fiber PP 

0.60 

60-80 

seawater 





NaCl 

DCMDAGMD 

Flat-sheet PTFE 

0.18 

64.05 


NaCl 

DCMD 

Hollow fiber 

- 

60 

Tap water 

DCMD 

Capillary PP 

0.22 

73 

Na 2 S0 4 NaCl 

DCMD 

Flat-sheet PVDF 

0.22 

70 

NaCl CaS0 4 

DCMD 

Hollow fiber PP 

0.2-0.6 

60-80 

Synthetic 

seawater 

VMD 

Flat-sheet PVDF 
Flat-sheet 

Acrylic 

Flat-sheet 

PTFE 

0.1, 0.2, 

0.22 

- 

Seawater 

RO brine 

VMD 

Flat-sheet PTFE 

0.22 

40 

Silica 

DCMD 

Flat-sheet 

PVDF, Hollow 
fiber PP 

0.6 

(maximum) 

60-80 

Silica 

DCMD 

Hollow fiber PP 

0.22 

72 


DCMD Flat-sheet PVDF 0.3 


36.2 g/1 NaCl solution, 

55-77/35 

0.205/0.011 

2.5- 

- 

46.5 g/1 RO brine 


(m/s) 

5.8 


NaCl: 0.06, CaCl 2 : 18, 

60-90/20 

465, 889/ 

7.5- 

- 

NaS0 4 : 40 (mol/1) 


138, 228 
(ml/min) 

22 


Pig slurry with 5 M NaOH 

40/40 

0.004/0.003 

3-42 

- 

and 0.5 M H 2 S0 4 


(m 3 /min) 



3.5% NaCl solution 

60/25 

.0006/ 

0.00015 

(Gas 

bubbling: 

0.0002) 

(m 3 /min) 

— 16 


3% and 5% NaCl solution, 

(45-55)/(4- 

0.0033 

— 2- 

- 

real seawater 

45) 

(m 3 /min) 

43 


Tap water and 10-30 wt% 
NaCl solutions 

(70—85)/20 

7/7 (cm 3 /s) 

-27.5 

- 

Na: 0.0344, 0.3957, Cl: 

Feed: 85 

0.02 (m/s) 

4.1- 

- 

0.0166, 0.3581, 0.4299, 

Vaccum: 


42.7 


0.4497 (mol/1) 

0.07 (MPa) 




2 M Na 2 S0 4 _ and 4.5 M NaCl 

(50—60)/20— 

29-53/29- 

20 

- 


30 

53 (m/s) 



17.8-24.7% NaCl 

(35-80)/20 

0.145 (m/s) 

2.1- 

_ 




4.8 


City water; 3.5, 6,10% NaCl 

(64—93)/(20— 

0.034-0.063 

Max 

- 

solution; real seawater 

54) 

(m 3 /min) 

55 


10 g/1 NaCl 

30-60/24 

0.012/0.012 

(m 3 /min) 

5-35 

67.5-87.5 

35 g/1 NaCl 

60-80/15-37 

0.010/ 

0.020 

(m 3 /min) 



1% NaCl or RO brine 

50-85/20 

0.25-0.5 

2.7- 





12.6 


Tap water 

60-85/20 

0.42-0.96/ 
0.29 m/s 

- 

- 

2 M Na 2 S0 4 , 4.5 M NaCl 

50-60/20-30 

0.53/0.53 

m/s 

<22 


0.06 M NaCl with calcium 

60-90/20 

889/228 

8-22 

_ 

sulfate 


ml/min 



35 g/1 synthetic seawater, 

Feed: 25-75 

0.4-2.0 m/s 

<66 

_ 

300 g/1 synthetic seawater 

Vacuum: 




and real seawater 

100- 

1000 Pa 




Seawater 95,150, 300 

Feed: 20-70 

0.4-2.0 m/s 

4.5- 

_ 


Vacuum: 

100- 

10,000 Pa 


10.1 


BWRO concentrate 

75/50 

0.030- 

0.055/0.015- 

0.030 

(m 3 /h) 

6-9 


Tap water 

(60-85)/22 

0.030-0.350/ 

6.25- 

- 



0.030-0.350 

(m 3 /h) 

33 



Membrane fouling was more significant at the higher temperature [123] 
investigated for long-time DCMD operation. 

Modeling shows that the highest scaling potential is to be found at [124] 
high temperature. 

MD process fouling is mainly caused by 0, S, Fe, Na, Mg, K and [125] 
microorganisms. 

A bubbling assisted DCMD module, the permeate flux enhancement [126] 
ratio could reach up to 1.72 at an optimized gas flow rate. 


Pretreatment process is essential for DCMD if real seawater is used [88] 
as the feed solution. 

The membranes soaked in NaCl solutions were wetted faster than [63] 
those soaked in distilled water. 

The morphology of the deposits formed on/in membrane pores [69] 
elicited a different effect on membrane scaling. 

The critical condition occurs at a slightly lower degree of feed [127] 
supersaturation for salts with a positive solubility-temperature 
coefficient. 

After the concentration of NaCl solution was saturated, water fluxes [128] 
began to decrease sharply. 

High percent recovery of water was achieved and relatively stable [24] 
water vapor flux was obtained up to 19.5% salt concentration from 
seawater, with no sign of distillate contamination by salt. 

This manuscript focused on cleaning strategies for removal of [129] 
fouling layer. 


The water recovery from different produced waters was 80% by [130] 
process. 

The presence of large pores on the membrane surface enables the [62] 
deposition of CaC0 3 crystallites into their interior 

A drastic decline in flux beyond the critical supersaturation is due to [131 ] 
rapid growth of crystal deposition on the membrane and loss of 
membrane permeability. 

For gypsum scaling at the membrane surface, concentration [81] 

polarization effects are more important than temperature 
polarization effects. 

Scaling and organic fouling are highly dependent of the feed water [132] 
composition and concentration 


For high salt concentrations, scaling occurs in vacuum membrane [133] 
distillation but its impact on the permeate flux is very limited. 


The intrusion of brine into the pore is accompanied by an increase [134] 
in flux because of the shorter diffusion path length through the part 
of the pore that remains un-wetted. 

-Acidification to pH 4 eliminated scaling tendency. [135] 

-MD performance improved when subjected to NF softening. 


72 


(40-50)/20 


[1361 
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NaCl, 4.5 g/1 or 10 g/1 NaCl+either 0.00061- 2.16- -Addition of CaS0 4 or BSA to 4.5 or 10 g/1 NaCl did not cause severe 

CaS0 4 , CaS0 4 or MgCl 2 or MgS0 4 or 0.00091/ 9 fouling on PTFE membrane 

MgCl 2 , BSA or their combination 0.00061 

(m 3 /min) 

MgS0 4 , BSA Flat-sheet PTFE 0.2 -Addition of MgCl 2 or MgS0 4 to 4.5 or 10 g/1 NaCl has more fouling 
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For MD process, the increase of feed water temperature was 
found to increase the scaling formation of CaC0 3 . This is so 
because CaC0 3 has an inverse solubility property, and increasing 
the water temperature decomposes the HCOj ions present in 
water, thus forming more CaC0 3 deposits on the membrane 
surface. The reactions leading to calcium carbonate precipitation 
are as follows [110]: 

HC0 3 (aq) OH (aq) + CO2 (aq) (15) 

OH ( aq, + HCC>3~ <->CO3 _ (aq) + H 2 0 (16) 

Cafaq) + CO3 “ (aq) <-> CaC0 3 w (17) 

The CaC0 3 scaling potential of a solution can be predicted by 
the use of LSI, which indicates the degree of saturation of water, as 
shown in the following equation: 

LSI = pH-pHs (18) 

where pH is the real measured pH of water and pHs is the 
saturation pH of calcite or CaC0 3 . A positive LSI indicates higher 
potential for precipitation while negative LSI indicates less poten¬ 
tial for scaling. 

The precipitation of CaC0 3 can be limited by lowering the feed 
temperature and by increasing the feed flow rate [137], Pretreat¬ 
ments such as chemical water softening (acidification to pH 4) and 
pressure-drive membrane filtration can reduce the propensity of 
CaC0 3 scaling [7,138]. Gryta [139] observed a sudden decline in 
membrane flux due to the deposition of CaC0 3 scales in a DCMD 
configuration. The deposit provided additional thermal resistance 
and decreased the temperature polarization coefficient, leading to 
lower flux. However, it was also observed that simple rinsing with 
3 wt% HC1 solution can remove the scales and maintain a constant 
flux. Other studies have also reported the elimination of CaC0 3 
scaling during the production of demineralized water by acidifica¬ 
tion to pH 4 [79,135], 

In another study, Gryta [62] reported that rinsing the DCMD 
module with 2-5 wt% HC1 solution has removed CaC0 3 scaling; 
however, the frequent cleaning with HC1 solution was observed to 
gradually decrease the maximum flux attainable for the mem¬ 
brane. The presence of large pores in the membrane resulted to 
filling of the pores with scales causing wetting, which happens 
during the cleaning of the membrane with HC1 solution. Smaller 
pore size was found to lessen the propensity of scaling of the 
membrane; however, the flux performance was also affected. 
He et al. [120] studied the scaling of membranes by CaC0 3 and 
mixed CaC0 3 /CaS0 4 in desalination by DCMD. The analysis of 
scaling potential was presented by means of SI profiles in a cross- 
flow porous fluorosilicone-coated hollow fiber membrane module. 
It was found that CaC0 3 scaling did not affect the DCMD permeate 
flux. However, there was a drop in permeate flux for mixed CaCO 3 / 
CaS0 4 scaling. The modeling results signified that the effects of 
concentration polarization were more important than the effects 
of temperature polarization. 

Several reports indicated that the presence of impurities, and 
other ions (e.g., Mg 2+ , Ba 2+ , and S0 4 ~) or inhibitors in the feed 
affects the growth rate and type of CaC0 3 scale formed. For 
example, the presence of Mg ions could lead to aragonite formation 
and hinder the formation of vaterite [140], Magnesium is abundant 
in natural waters and has been reported to prolong the induction 
period of scale formation and also inhibit the precipitation of CaC0 3 
[141-143]. Previous studies have indicated that CaC0 3 scaling can 
be minimized by utilizing feed water temperature below 70 C and 
a feed flow velocity of at least 0.5 m/s [30,111], Pretreatment of the 
feed water could help in the reduction of fouling formation in MD. 

Another common scale in MD is calcium sulfate (non-alkaline 
scale). Calcium sulfate is known to be a very adherent scale and it 
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exists in three crystallographic forms, namely: dehydrate (gypsum 
—CaS0 4 -2H 2 0), hemi-hydrate (bassanite—CaS0 4 -0.5H 2 O), and 
anhydrite (CaS0 4 ) [102], From among these, gypsum has the 
lowest solubility and is the most thermodynamically stable phase. 
Studies have shown that gypsum exists in the form of needles 
and platelets, with moclinic and prismatic structures [144,145] 
(see Fig. 7). These structures depend on the supersaturating ratio 
and crystallization kinetics. At low supersaturation ratio ( < 2.27), 
wherein surface crystallization dominates, needle-like gypsum 
structures were observed. On the other hand, at high supersatura¬ 
tion ratio (around 10.86) dominated by bulk precipitation, the 
platelet gypsum structures were observed [146], 

Gryta [96] investigated the calcium sulfate scaling of capillary 
polypropylene membranes under DCMD. It was found that the 
composition of the feed and the operating parameters affect the 
nature and shape of the formed deposits. It was suggested that the 
concentration of SO|~ in the solution should not exceed 600 mg/L 
concentration to avoid any deterioration of the distillate quality. The 
simultaneous precipitation of CaS0 4 and CaC0 3 has yielded weak 
deposits on the membrane surface, which could be easily removed 
by HC1 washing. He et al. [81] investigated the CaS0 4 fouling of 
hollow fiber membranes in cross flow DCMD. They found decreas¬ 
ing induction period of the scaling formation at increasing feed 
brine temperature and increasing degree of supersaturation. The 
scaling of a DCMD process utilizing high concentration of NaCl and 
Na 2 S0 4 was investigated on its effect in MD permeate flux [131], A 
gradual decrease in permeate flux was observed, and when the feed 
water became supersaturated, there was a sharp decrease in flux. 
Upon careful inspection, scales were observed to fully cover the 
membrane surface. As saturation of the membrane surface con¬ 
centration is reached, there will be a difference in the boundary 
layer and bulk solution properties [128], For VMD experiments, the 
fouling of high concentration solution was found to be reversible, 
and only water washing is needed. Flux measurements before and 
after washing was found to be within 5% difference only [132]; 
however, less reversible fouling is expected at longer experiments. 
Mericq et al. [133] investigated the desalination of seawater reverse 
osmosis brine by VMD. 

The behavior of gypsum formation can be described by the 
well-accepted kinetic model as follows [147,148]: 

^ =k(C m -C s ) n (19) 

where k is the crystal growth rate constant, C m is the gypsum 
concentration, C s is the CaS0 4 solubility, and n is a kinetic order 
(diffusion-controlled crystallization, n=l, and surface reaction 
process, n=2 ). 
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Silica is one of the minerals found in desalination brines and 
from petroleum production. Natural feed waters normally contain 
amorphous or crystalline silica. It possesses normal solubility; thus 
it precipitates out of solution at lower temperature. Silica forma¬ 
tion depends on the pH of the silica concentration in the solution. 
The formation of silica is associated with aluminum, and it could 
form even below its saturation level due to its reaction with 
iron and aluminum ions [149]. Its tendency for fouling can be 
calculated based from silica concentration, temperature, pH and 
total alkalinity. Dissolved silica in the form of low molecular 
weight metasilicic acid can polymerize on the membrane when 
supersaturation is reached forming colloidal deposits or in gel-like 
form [32]. Other forms of silica associated with aluminum, which 
are related to particulate and colloidal fouling sources are silt, clay, 
mullite, feldspar, and andalucite [150], 

In DCMD operation, the temperature polarization at the brine 
feed side could lead to silica deposit formation at the membrane 
surface, where silica supersaturation would be at the highest 
[134], Gilron et al. [134] investigated the silica fouling in DCMD 
set-up. Two different MD membranes were utilized: hollow fiber 
made from fluorosilicone coated polypropylene and a flat-sheet 
membrane made of PVDF with 0.8 pm nominal pore size. Different 
concentrations of silica were tested at SI between 1.5 and 2.2. It 
was observed that silica caused a large decrease in permeate flux, 
reaching up to 70% decline using hollow fiber modules with an 
effective induction time of 2-7 h. Decrease in permeate flux was 
also observed for the flat-sheet membranes using synthetic silica 
solution. SEM studies not only found silica colloids on the mouths 
of the pores of the membrane but also inside the membrane pores 
as deep as 50 pm from the membrane surface. This suggests that 
the flux decline was due to the following mechanism: silica 
deposition on the membrane surface, wetting out of the pores 
and formation of silica deposits inside the pores. Minimizing silica 
fouling can be done by limiting the aluminum and iron levels, 
use of pretreatment techniques, and by acid cleaning. In contrast 
to the above study, Singh et al. [130] did not observe any forma¬ 
tion and blinding of the membrane by silica when they utilized 
DCMD in the treatment of deoiled produced water. In another 
study, Karakulski and Giyta [135] observed precipitation of pre¬ 
dominantly silica solids on the entrance of the capillary membrane 
inlets of a DCMD module. This happened even with the use of NF 
as prefilter to DCMD. The application of a filtration net prior to the 
module inlet was found to inhibit the blocking of the capillary 
module from silica deposition. 

Several studies using NaCl solutions have reported reduction in 
permeate fluxes. NaCl is the principal component of feed waters in MD 
experiments. It is a normal solubility salt, wherein its solubility 
increases at higher temperature. The pore wetting in intermittent 
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Fig. 7. Gypsum scales showing needle-like structures (adapted from [121]). 
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solar MD experiments is mainly attributed to the deposition of NaCl 
salt crystals during membrane dry-out [151], Drioli and Wu [117] 
observed a 72% reduction in permeate flux in the first 3 days of MD 
operation using a 0.58 wt% NaCl feed solution. In another study, 
treatment of groundwater from RO plant with TDS of 19,000 mg/L 
was carried out using DCMD. At high temperature operation, the 
membrane was found to be covered with tenacious fouling layers 
leading to abrupt reduction of permeate flux, while at lower tem¬ 
perature operation, larger size and loosely-bound deposits were 
formed, enabling 67% recovery from treatment of RO secondary reject 
water [152], The variances in feed temperature and flow rate are 
reported to have more sensitive effect on fouling rate when utilizing 
NaCl concentration greater than 25 wt% [128], 

No report yet can be found on scaling by calcium phosphate 
(non-alkaline scale) in MD studies, but calcium phosphate scaling 
is a common problem in wastewater treatment including those 
involving RO [32,153], Its potential to scale in MD could be 
possibly related to the use of phosphate antisealants, wherein 
improper dosage of antisealants at their hydrolysis condition could 
make them as foulants themselves [32,154], Iron oxides are also 
potential foulants, which are usually in particulate form in MD 
systems. The corrosion of metal parts in the MD system is the main 
contributor to iron oxide scaling. For example, a long-term solar 
MD plant study in Spain has found iron oxide scales on the tested 
membrane, which they attributed to the internal rusting suffered 
by a storage tank connected to the MD system [25], In another 
study, membrane autopsy was carried out after test for iron oxide 
fouling in DCMD using capillary polypropylene membrane [101], It 
was found that considerable amount of corrosion products in 
reddish-brown color was introduced into the membrane modules, 
covering the surface of the membranes. The iron oxide deposits 
had good adherence to the feed membrane surface and the 
permeate side of the membrane was also found to have some 
deposits. 

3.1.1. Effect of membrane dry-out on fouling 

Intermittent operation of MD can result to dry-out of the 
membrane. This particularly happens when using solar-powered 
MD where operation is shut-down overnight, thus allowing the 
drying out of the membranes and the settling of particulates on 
their surfaces. A previous study [155] has indicated that there is no 
deterring effect on the membrane if it becomes dry or if it is 
operated intermittently. However, a recent study proved other¬ 
wise. A systematic investigation was carried out on the effect of 
dry-out on the fouling of PVDF and PTFE membranes in a DCMD 
set-up for intermittent seawater desalination [151], A series of 
wet/dry cycles were carried out using seawater at feed side 
temperature from 30-50 °C. It was shown that the intermittent 
operation has resulted to the deposition of salt crystals on the 
membrane surface, leading to progressive loss of surface hydro- 
phobicity with time. The presence of salt crystals was also 
observed in the internal structure of the membrane, showing 
evidence of the wetting of the pores. This has negatively affected 
the permeate flux and salt rejection of MD. The crystallization of 
salts in the inside of the membrane has led to surface cracking and 
membrane damage, and eventually a decrease in membrane 
mechanical strength. The study has showed more fouling propen¬ 
sity when there is dry-out during MD operation. 

3.2. Organic fouling 

Organic fouling is the adsorption/deposition of dissolved and 
colloidal organic matters on the membrane surface such as HA, 
protein and polysaccharides, carboxylic acid, EPS and many others. 
This can be adsorption at the molecular level or a physical 


formation of gel on the surface. The formed organic deposits are 
usually not easy to clean without the use of chemicals [156], A 
previous research identified the following organic materials as the 
most potential foulants in the order: hydrophilic neutrals > hy¬ 
drophobic acids > transphillic acids [157], Table 2 shows a list of 
fouling studies on organic fouling in MD. 

The most common organic fouling is due to the deposition of 
NOM. NOM are mainly composed of humic substances [29] and are 
especially abundant in natural waters [158], HA is composed of 
heterogeneous and recalcitrant polymeric organic degradation 
products with low to moderate molecular weight. They contain 
both aromatic and aliphatic components with carboxylic and 
phenolic functional groups [159], NOM can adsorb on the surface 
of the membrane through different mechanisms such as specific 
chemical affinity, and electrostatic and hydrophobic interactions 
[160], NOM deposition can: (a) adsorb or deposit inside the pores 
of the membrane, either partial or complete blocking, so that 
water passageways are reduced; (b) form a separate gel-like layer 
on the surface of the membrane, thus blocking the pores, and; 
(c) bind particles and NOM together forming a low permeability 
particle/NOM layer on the surface of the membrane [161], 

Previous studies using MF membranes, which are also mostly 
used in MD showed flux decline due to formation of large HA 
aggregates on the surface of the membrane but not so much 
fouling in the internal membrane surface. There was initial 
deposition of HA inside the pores of the membrane, and subse¬ 
quent deposition followed on the blocked area [162,163], The 
fouling behavior of HAs is affected by the pH and ionic strength of 
the solution, concentration of monovalent and divalent ions, 
membrane surface properties and structure, and the operating 
conditions. The pH of a solution has significant effect on HA 
fouling. HA has a negative charge for a wide range of pH and its 
charge density increases at higher pH [164], Humic macromole¬ 
cules are reported to favorably adsorb on hydrophobic membranes 
especially at low solution pH. A study showed an increasing 
negative charge of the membrane surface at pH 4, which was 
attributed to the adsorption of HA, but the membrane became less 
negative when the concentration of calcium in the solution was 
increased [165], 

The influence of different parameters such as pH, ionic strength 
and divalent ion concentration on HA fouling was investigated 
[87], In a DCMD set-up, the presence of divalent ions caused a 
higher reduction in water flux. The Ca 2+ acted as a binding agent, 
which complexes with the negatively-charged carboxyl groups of 
HA, leading to the formation of bigger aggregates [165], By 
changing the pH of the solution, it was found that bigger HA 
aggregates were formed at low pH, which is attributed to the 
reduction of intra- and intermolecular electrostatic repulsions 
brought about by the protonation of the carboxylic groups of HA. 
But flux performance between pH 3 and 7 without any divalent 
ions showed not much difference. This was because no pore 
blocking was observed and the fouling layers were loosely packed. 
When divalent ions were added, lower reduction in flux was 
observed at lower pH (i.e., pH 3 compared to pH 7), mainly 
because at low pH, there is lower instance of dissociation of HA, 
which translates to lower availability of carboxyl groups for the 
divalent ions to complex with; thus lower amount of coagulate 
was produced [87,165], The HA coagulate fouling layer was found 
to be easily cleaned by rinsing with clean water and 0.1 M NaOH 
solution [87], 

In a different study, Khayet et al. [168] investigated the 
treatment of HA solutions. Microporous PTFE and PVDF mem¬ 
branes were used in a DCMD set-up. The extent of HA fouling was 
found to be affected by the pH, the concentration of HA, and the 
driving force. However, in their subsequent study [167], they 
reported that there was no significant effect on MD membrane 


Table 2 

Published reports in the literature about organic fouling in membrane distillation. 


Foulant 

MD Membrane type 

set¬ 
up 

Pore 

size 

( M m) 

Porosity 

(%) 

Feed composition 

Inlet temperature 

(Feed/permeate) 

(°C) 

Flow rate (feed/ 
permeate) 

Flux (kg/ 
m 2 h) 

Salt rejection 

(%) 

Observation 

Ref. 

NaCl/NOM 

DCMD Capillary PP 

0.2 a 

73 

Na: 15,300 

Cl: 25,400 (ppm) 

80/20 

14/14 (cm 3 /s) 

3.6-12.5 

- 

Membrane rinsing with 2 wt% solution of 
citric acid for membrane cleaning. 

[ 166 ] 

Humic acid + NaCl and 
CaCl 2 

DCMD Flat-sheet PTFE and 
PVDF 

PVDF: 

0.22 

PTFE: 

0.2 

PVDF: 

0.22 

PTFE: 

0.2 

0.22 

PVDF: 75 

PTFE: 80 

lir 1 M, 1(T 2 M, 10- 
3 M NaCl 

30/20 

Stirring rate: 500 
(rpm) 

PVDF: 

0.6 PTFE: 
1.8 

99.5 

The ionic concentration of NaCl and CaCl 2 
has no significant effect on membrane 
fouling in DCMD. 

[ 167 ] 

Humic acid 

DCMD Flat-sheet PTFE and 

PVDF 

PVDF: 75 

PTFE: 80 

10-50 mg/L humic 
acid 

30/20 

Stirring rate: 500 
(rpm) 

PVDF: 

0.6 PTFE: 
1.8 

> 95% (humic 
acid rejection 
ratio) 

DCMD permeate flux is higher for the 

PTFE membrane than that of the PVDF 
membrane. 

[ 168 ] 

Humic acid 

DCMD Flat-sheet PVDF 

75 

20-100 mg/L 
humic acid with 20, 
200 mM NaCl or 
CaCl 2 

(50-70)/20 

0.23/0.23 (m/s) 

30.6-35.1 


The increase in ionic strength and the 
decrease in pH did not affect flux 
characteristics. 

[ 87 ] 

Protein 

Protein 

DCMD Capillary PP 

DCMD Capillary PP 

0.22 

73 

Na: 29.9 Cl: 0.2 
(mg/L) 

11-12 g/1 proteins 
2-3 g/1 Cl 

(50-90)/20 

(50, 60 and 70)/20 

(0.35-1.2)/0.12 (m/s) 

350/430 (cm 3 /min) 

6.5- 23.3 

1.5- 11.3 

- 

Deposits were formed not only on the 
membrane surface, but also inside the 
pores. 

The concentration of proteins and lactose 
in the feed increased faster at lower 
temperature. 

[ 29 ] 

[ 169 ] 

Carbohydrates, 

proteins 

MDBR Flat-sheet PVDF 

0.22 

75 

COD: 0.67, TN: 0.04 
(g/D 

55.5/19.5 


4.0-8.5 

99.1-99.9 (TOC 
removal) 

The faster flux decline in the MDBR is 
likely due to the increased thermal and 
hydraulic resistance of the fouling layer 

[ 74 ] 

Ethylene glycol 

DCMD Flat-sheet PTFE 

0.2, 

0.45, 

1.0 

80 

37% glycol 

65/(25-45) 




The flux behavior in this concentration 
process is highly non-linear, because the 
increase of glycol concentration causes a 
decrease in the vapor pressure gradient. 

[ 170 ] 

Dye 

VMD Capillary PP 

0.2 

75 

Dye solution 

Feed: 40, 50, 60 

Feed: 0.78-1.67 (m/s) 
Vacuum: 10 (mbar) 

16.0-57.0 


Membrane swelling has been observed, 
which led to an increase of 
transmembrane fluxes. 

[ 171 ] 

Traditional Chinese 
medicine (TCM) 

DCMD Flat-sheet PTFE 

0.2 


TCM extract 

60/25 

0.07-0.13/0.07-0.13 

(m/s) 

10-32.8 


The membrane fouling in these studies 
were mainly caused by the deposition of 
suspended solid particles in TCM extract. 

[ 67 , 172 ] 

Ginseng extract 

VMD Flat-sheet PTFE 

0.2 


5% (w/w) ginseng 
crude extract 

Feed: 55, 60 

Feed: 0.56, 0.65, 0.74 
(m/s) Vacuum: 87.4 
(kPa) 

7.6-24.7 


It is important to prevent the membrane 
from fouling in VMD process. 

[ 173 ] 

Human urine 

VMD Flat-sheet PTFE 

0.2 


Human urine 

Feed: 50, 60, 70 

Feed: 0.030 (m 3 /h) 
Vacuum : 74-92 
(kPa) 

5.0-13.5 

96.3-98.2% (ion 
rejection) 

Human urine can be high effectively 
removed by VMD. 

[ 174 ] 

Skim milk, whey 

DCMD Flat-sheet PTFE 

0.5 


Skim milk and 
whey 

54/5 

200/200 (cm 3 /min) 

22 


The skim milk fouling starts with the 
deposition of proteins and salts with 
lactose joining at later fouling stages. 

[ 175 , 176 ] 

Fat globules (milk) 

AGMD PTFE 

0.2-3 

75 

3.8% NaCl 

(30—70)/(2—20) 

- 

9.5-13.0 

- 

The separation of non-volatile and volatile 
solutes was investigated. 

[ 177 ] 

Humic acid + NaCl and 
CaCl 2 

DCMD Flat-sheet modified 
PVDF 

0.45 


100 g/1 NaCl, 10 mg/ 
L humic acid with 
1.26 g/1 or 0.42 g/1 
CaCl 2 

60 / 25 

0.2/0.4 (m/s) 

12-15 

95.5-99.1% 
(humic acid 
rejection) 

Organic foulants were found to penetrate 
both virgin and superhydrophobic 
membranes via an adsorption-desorption 
mechanism. 

[ 178 ] 

Sodium alginate, 
humic acid, bovine 
serum albumin 

DCMD Flat-sheet PTFE 

0.2 

70-80 

10-20 mg C/L the 
stock solution 

70/24 

1.1/0.3-2.2 (m/s) 

12-35 

99.7% (humic 
acid rejection) 

HA feed showed thermal disaggregation to 
low molecular weight HA organics with 
increased feed temperature (50 and 70°C). 

[ 179 ] 

Synthetic wastewater 

DCMD Flat-sheet PTFE 

0.22 

70 

100 mg/L glucose, 
100 mg/L peptone, 

40/20 

11.7/11.7 (cm/s) 


> 95% removal 
of all TrOCs 

Results reported here suggest that 
rejection and fate and transport of TrOC 

[ 180 ] 
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fouling by the addition of different concentrations of NaCl and 
CaCl 2 in the solution. The DCMD treatment of HA was found to 
have lower fouling formation and higher salt rejection compared 
to the same HA solution treatment using nanofiltration. The 
hydrophobic components of NOM are the main culprit for the 
fouling formation, whereas the hydrophilic component has rela¬ 
tively little effect. 

Two recent studies [178,179] showed some penetration of HA 
organics through the membrane and explained the underlying 
causes of penetration. Meng et al. [178] investigated the DCMD 
performance of a superhydrophobic PVDF membrane coated with 
Ti0 2 and fluoro-silane compounds. They found that organic 
foulants penetrated into both virgin and superhydrophobic 
membranes even without the occurrence of partial pore wetting. 
This was attributed to their proposed adsorption-desorption 
foulant migration mechanism through the membrane, which 
was dependent on the adsorption strength of the foulant to the 
membrane. The adsorption-desorption mechanism works 
through the following steps: 1) HA is adsorbed on the membrane 
surface by bonding of phenolic and carboxylic functional groups; 
2) HA then migrates due to hydrogen bonding of the unattached 
carboxylic and phenolic groups with water vapor, leading to 
desorption of HA from the membrane surface; 3) with the 
movement of water vapor inside the pores, HA is again adsorbed 
further inside the membrane pores, and 4) this cycle repeats 
itself until HA reaches and dissolves in the permeate side. In a 
different study, Naidu et al. [179] investigated the organic fouling 
development in DCMD using synthetic model solutions of HA, 
alginate acid and BSA. They found significant fouling due to BSA 
and HA; however, only minimal fouling was observed for alginate 
acid, which was attributed to its hydrophilic property and to 
negative electrostatic repulsion. By LC-OCD and SEM-EDS line 
depth analyses of the foulant and the membrane, it was found 
that HA compound in the feed tends to disaggregate more at 
higher temperature, i.e., from 50 to 70 °C, forming low molecular 
weight HA that can penetrate through the membrane and 
dissolve in the permeate. 

Gryta et al. [166] performed the concentration of NaCl solu¬ 
tion containing NOM by MD using polypropylene capillary 
membranes. It was found that the presence of NOMs in the feed 
has caused the fouling formation of MD membranes leading to 
rapid flux decline. Their results showed that the major compo¬ 
nent of the fouling layer was composed mainly of protein and 
sodium chloride. It was also found out that heating the salt 
solution to its boiling point followed by filtration as a pretreat¬ 
ment method has decreased the occurrence of fouling. Further¬ 
more, rinsing the MD module with 2 wt% citric acid solution has 
enabled reduction of fouling deposition and restored the module 
performance close to the initial efficiency. Studies found that HA 
fouling has fewer occurrences in MD compared to other mem¬ 
brane processes [87,168]. Polysacchardies are larger molecules 
compared to HAs with a molecular weight ranging from a few 
hundreds to a few thousands kDa. They possess weak negative 
charges and have typically rigid fibrillar- or rod-like structures 
[158], Reports indicated severe fouling by protein at higher feed 
water temperatures [90], 

MD was utilized for the concentration of bovine serum albumin 
(BSA) aqueous solution [183], It was found that no fouling was 
formed for a BSA concentration up to 1% w/w and for MD operation 
at low temperature (i.e., 20-38 °C) and solution pH of 7.4. However, 
in a separate study [182], fouling formation occurred even at low 
temperature operation when MD was used for the concentration of 
tomato puree, which contained 0.5-1% protein and 0.1-0.3% fat. The 
results indicated the adhesion of fatty substances and tomato 
pigments onto the surface of the membrane, which consequently 
block the pores and reduce the permeate flux. Kimura et al. [177] 
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reported a fouling formation by fat globules on a PTFE membrane in 
AGMD set-up during the concentration of milk. 

MD can also be used effectively for the separation of dyes from 
water. Banat et al. [16] studied the feasibility of VIVID for treating 
water containing MB dye at a fixed concentration of 18.5 ppm. 
Their results showed the applicability of VMD to treat MD solution, 
resulting to pure water at the permeate side; however, flux decline 
was observed due to the formation of fouling layer. Criscuoli et al. 
[171] investigated the use of VMD to treat five different kinds of 
dyes with concentrations from 25-500 ppm and checked the 
effect of fouling on the performance of the VMD. The results 
indicated that the permeate flux has close relation with the 
chemical properties of the dyes. Flux decay especially in the first 
30 min of operation was observed for all tests, which was 
attributed to the fouling phenomenon. Prolonged cleaning with 
distilled water was found adequate to restore the flux close to the 
initial flux. 

Ding et al. [67] investigated the effect of fouling layer formation 
on the DCMD permeate flux during the concentration of TCM 
extract. The suspended solid particles from the TCM extract was 
found to mainly cause the fouling deposition and to a little extent, 
due to the presence of protein in the TCM extract. The membrane 
surface was covered with porous fouling layer. Interestingly, no 
considerable wetting of the membrane was observed due to the 
formed deposits. A faster flux decline and fouling rate were 
obtained at increasing feed temperature and flow velocity. How¬ 
ever, the results also revealed that the fouling deposition on the 
membrane surface can be effectively minimized by an increase in 
feed temperature and flow velocity. 


3.3. Biological fouling 

Biological fouling or biofouling is the accumulation and growth 
of biological species on the membrane surface that affects the 
permeability of the membrane, leading to loss of productivity and 
other operational problems. Microorganisms are the main culprit 
of biofouling. However, its occurrence in MD processes is limited 
due to the high salinity of the feed, which limits microorganism 
growth, and also due to the higher operating temperature, which 
are higher than the growth temperature of most bacteria [184], 
Thus, when compared with other membrane processes such as RO, 
NF, UF and MF, one can expect lower biofouling formation in MD. 
As an example, a higher number of bacteria of 2.1 x 10 s CFU/cm 2 
was found at the feed side of the membrane for an RO process 
[185], However, there are bacterial species that can survive and 
grow at extreme surroundings; thus biofouling can still occur in 
MD. Additionally, in a full-scale MD module, the temperature of 
the feed changes from the entrance to the exit of the module. It 
was reported that a typical feed inlet temperature of 70-80 °C 
could drop to 30-40 °C at the outlet of the module. Thus, the 
different temperatures along the length of the module could 
present growth environments for microorganisms especially at 
temperatures below 60 C. Temperatures higher than 60 °C are not 
suitable for most mesophilic microorganisms [186]. Biofouling 
can occur occasionally even in the extremely oligotrophic envir¬ 
onment in which microorganisms can live with very low levels of 
nutrients. 

Table 3 presents a list of biofouling studies in MD process. Gryta 
[184] evaluated the growth of microorganisms including fungi 
(Penicillium and Aspergillus ) and bacteria ( Pseudomonas and Strep¬ 
tococcus faecalis) on the MD membrane surface in a DCMD set-up. 
Different microorganisms reacted differently to the fouling of 
membrane, where some bacteria and fungi were found on the 
feed membrane surface side, while another bacterial species was 
found at the distillate side. 


Krivorot et al. [186] investigated the factors affecting biofilm 
formation and biofouling in seawater desalination by DCMD. In 
contrast to the previous studies on biofouling, this study consid¬ 
ered feed water with high salinity and low COD/TOC content. In 
particular, the study focused on the effects of hydrodynamics and 
temperature regimes on the biofouling formation on hydrophobic 
hollow fiber membranes made of polypropylene coated with 
fluorosilicone. Cross-flow and parallel flow experiments were 
conducted at two different feed temperatures (40 °C, and initially 
70 C then running at 40 °C). Conditioning film was observed as 
early as 4 h of operation; however, biofilm formation was only 
discerned after 28 h. Interestingly, the biofilm formation did not 
result to decline in permeate flux for the parallel flow configura¬ 
tion, but a slight flux loss was observed for the cross-flow 
experiment only after 180 h. Biofilm and conditioning film were 
formed more at the outlet side of the module in cross-flow 
experiment compared to that at the inlet side, primarily because 
of the differences in temperature. The outlet side has lower 
temperature; thus it is less detrimental to the microorganisms, 
leading to more growth. Fig. 8 shows a biofouling layer containing 
microorganisms and some salt crystals. 

Biofilm formation is found to commence with the adsorption of 
a conditioning film on the membrane surface. The conditioning 
film usually consists of proteins, lipids, polysaccharides, HAs, 
nucleic acids and aromatic amino acids. Bacteria present in water 
then adhere on the conditioning film and bind themselves 
together and start to grow [187,188], Bacteria are more resistant 
when they are embedded in a biofilm as compared to those in a 
dispersed state [189], Biofilm formation on the membrane surface 
induces wetting of the membrane due to the secretion of EPS with 
amphiphilic properties from microorganisms. Thus, the hydropho- 
bicity of the membrane is decreased leading to leaking of salts 
from the feed side to the distillate side. Furthermore, biofilm 
formation could partially or completely block the pores of the 
membrane, so that the diffusive transport is largely reduced. There 
could also be an increase in temperature polarization due to the 
generation of hydrodynamically stagnant biofilm layer [29], 

The extent of biofouling formation in a DCMD set-up can be 
lessened by utilizing constant or cycling feed temperature of 70 °C 
or higher. Gryta [184] also observed the dependence of microbial 
growth to the feed temperature and its composition for wastewater 
treatment. In recent years, MD hybrid systems have been employed 
for the reclamation of hot industrial wastewaters or those with 
access to waste heat, and containing solutes with low volatility or 
those containing recalcitrant organics (e.g., textiles) [74,192-195], A 
recent study [74] showed significant flux decline due to biofouling 
formation in an MDBR process. However, the fouling was controlled 
through periodic cleaning and process optimization. Reducing the 
organic and nutrient concentration of the retentate resulted to 
delayed membrane wetting, which consequently lowered the 
number of cleaning times. In another study, the formation of a 
biofouling layer was found to result to large vapor pressure 
depression of 20-36% in diffusional and vacuum-enhanced eva¬ 
poration experiments [75]. A 60% flux reduction was also observed 
during cross-flow experiments primarily due to the effect of 
biofouling formation. 

In real MD processes, the feed water usually contains a 
combination of different components such as mineral salts, col¬ 
loidal matters and precipitates, organics, and microorganisms, 
thus, not only a single fouling mechanism can be observed. A 
mixed fouling mechanism is most likely to occur, which often¬ 
times have synergistic effect with each other. Particulates can first 
be transported to the membrane surface, which could act as a site 
for bacteria to grow. When biofilm is formed, it can adhere 
different particles and impurities that make fouling more severe. 
Curcio et al. [7] investigated the kinetics of calcium carbonate 
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Table 3 

Published reports in the literature about biological fouling in membrane distillation. 


Foulant 

MD 

set¬ 

up 

Membrane 

type 

Pore size 
(l>m) 

Porosity 

(%i 

Feed composition 

Inlet 

temperature 

(Feed/ 

permeate) 

(°C) 

Flow rate 

(Feed/ 

permeate) 

Flux 
(kg/ 
m 2 h) 

Observation 

Ref. 

Bacteria, fungi 

DCMD 

Capillary PP 

0.22 

73% 

50-150 sugar, 5-20 
yeast, 55,160, 300 NaCl 

(g/i) 

(60—90)/20 

(0.12- 
0.417)/ 
(0.0128- 
0.3) (m/s) 


Growth of fungi and anaerobic 
bacteria was observed on the 
membrane surface. 

[184] 

Bacteria 

DCMD 

Hollow 
fiber PP 

0.6 

(maximum 
pore size) 

70% 

Real seawater 

40/20 

0.03/0.22 

(m/s) 

<3.9 

In parallel flow experiments 
biofilm formation did not result 
in flux loss. In crossflow 
experiment slight flow decline 
was observed after 180 h. 

[186] 

Bacteria 

DCMD 

Capillary PP 

0.2 

73% 

Na: 18,500, Cl: 29,000 

(mg/L) 

Feed: 80, 90 

(0.367, 
0.417)/ 
0.0129, 
0.235 (m/ 

s) 

Permeate: 

0.78-0.85 

(m/s) 

<22.9 

During the concentration of the 
prepared feed, fouling 
phenomenon was not observed. 

[190] 

Bacteria 

DCMD 

Capillary PP 

0.22 

73% 

Glycerol 1% (v/v), 
extract 5 g/1, peptone K 
20 g/1 and lag phase 

10 % (v/v) 

36/(20-24) 

<1.3 

The conditions for 
microorganisms' growth in the 
MDBR were improved and an 
increase in the bioreactor 
productivity was observed. 

[1911 

Sludge 

MDBR 

Flat-sheet 

PVDF 

0.22 


K 2 HP0 4 • 2H 2 0: 22.2, 
KH 2 P0 4 : 7.26, urea: 18, 
MgS0 4 • 7H 2 0 and 0.1 M 
NaOH 

55/19.5 

Permeate: 

7.4 

3.4- 

8.4 

The presence of a biofilm layer in 
the cross-flow MD experiments 
resulted in a 60% reduction in the 
flux. 

[75] 

Bacteria 

MDBR 

Flat-sheet 
and tubular 
PVDF and 

PTFE 

PVDF: 0.22 

PVDF: 0.2 

PTFE: 0.45 

PVDF: 80 

PVDF: 

70 

PTFE: 

70 

Glucose: 12.5 (g/1) 

56/25 

Permeate: 
700 cm 3 / 
min 

5 

The submerged MDBR process 
can provide acceptable permeate 
flow rate with high permeate 
quality. 

[76] 

Sludge 

MDBR 

Tubular 

PVDF 

0.22 

Glucose: 3.8, Peptone: 
1-8 (g/h 

(46—56)/(15— 
25) 

0.003/ 

0.003 (m 3 / 
min) 

2-5 

The MDBR process can be 
operated with only modest 
primary energy demand, 
provided the latent heat comes 
from low grade waste heat and 
water cooling is available. 

[192] 

Petrochemical 

wastewater 

MDBR 

Flat-sheet 

PTFE 

0.45 


Oil, fatty acids, 
emulsifiers, corrosion 
inhibitors, bactericides, 
etc. 

58/30 


5.5 

The decline in permeate flux was 
mainly due to inorganic fouling. 

[193] 

Macromolecular 
and biofouling 

Modeling study 

' 

' 

" 

(50-90)/ 

20 

' 

The temperature polarization 
coefficient is a useful metric for 
assessing the effect of a macro- 
molecular- or bio-fouling layer. 

[55] 

Protein 

DCMD 

Capillary PP 

0.22 

73 

Na: 29.9 

Cl: 0.2 (mg/L) 

(50—90)/20 

(0.35-1.2)/ 
0.12 (m/s) 

6.5- 

23.3 

Deposits were formed not only on 
the membrane surface, but also 
inside the pores. 

[29] 

Synthetic 

wastewater 

MDBR 

Flat-sheet 

PVDF 

0.22 


4.27 g/1 Glucose, 0.85 g/ 

1 meat extract, 1.07 g/1 
peptone, 0.19 g/1 

KH 2 P0 4 , 0.19 g/1 MgS0 4 , 
0.16 g/1 FeCl 3 , 3.2 g/1 
CH 3 COONa 

55.5/19.5 

Permeate: 
350 cm 3 / 
min 

4.1- 

8.3 

Mass transfer resistance in the 
fouling layer is likely to be more 
significant than heat transfer 
resistance. 

[74] 

Synthetic 

wastewater 

DCMD 

Hollow 
fiber PP 

0.2 


NaCl: 23.27, Na 2 S0 4 : 
3.99, NaHC0 3 : 0.193, 
Na 2 C0 3 : 0.0072 
(mg/ml) 

40/20 

0.007/ 

0.007 (m 3 / 
min) 

1.4- 

2.1 

Two-step cleaning with citric acid 
aqueous solution (20 min)/NaOH 
aqueous solution (20 min) 
allowed to completely restore the 
transmembrane flux and the 
hydrophobicity of the membrane. 

[7] 


DCMD: direct contact membrane distillation; VMD: vacuum membrane distillation; AGMD: air-gap membrane distillation; MDBR: Membrane distillation bio-reactor; PVDF: 
polyvinylidene fluoride; PTFE: polytetrafluoroethylene; PP: polypropylene. 


scaling on a microporous polypropylene membrane when treating 
seawater with high concentration factors by DCMD. In a semi-pilot 
plant, DCMD test showed a 33% decrease in transmembrane 
permeate flux. The presence of HA in the solution, even at a low 
concentration, was found to help retard the nucleation and growth 
of vaterite crystals at low supersaturation. 


Several factors can affect the kind of fouling mechanism that 
happens on the surface such as the feed water properties (e.g„ 
hardness, pH, ionic strength, etc.), membrane surface properties, 
geometry, and morphology, and the physico-chemical properties of 
the foulants [156], When deposits are accumulated at the surface, it 
can lead to pore wetting, and at a severe case, pore flooding which 
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Fig. 8. Biofouling layer on hollow fiber membranes made of polypropylene coated 
with fiurosilicone (adapted from [29]). 

drastically degrades the MD membrane performance. Additionally, 
minerals from the feed can also intrude inside the pores and could 
possibly pollute the distillate; or the scales can form inside the pores, 
thus clogging them, drastically lowering the mass transfer rate. The 
formed foulants and scales can easily be wetted, in which case, could 
result to progressive wettability of the membrane (lowers the contact 
angle), most especially if deposits are formed inside the pores of the 
membranes [29,30,116], Fouling and cleaning of membranes entail 
large amount of costs that include increased energy consumption, 
system downtime for replacement, cleaning, maintenance, membrane 
replacement, and additional personnel costs [99,196], 


4. MD fouling control and cleaning 

Several efforts have been undertaken to address the issue of 
fouling, especially on cleaning. However, effective fouling control 
techniques for MD are still lacking. The current techniques for the 
control of fouling are feed pretreatment and membrane cleaning 
[57]. Some other approaches to mitigate fouling include making of 
novel membranes with new design and materials, changing the 
flow regimes, development of anti-fouling membranes including 
membrane surface modification, design of new membrane mod¬ 
ules, and use of physical and chemical techniques [29,197]. 

4.1. Pretreatment 

Pretreatment of feed is an effective way of minimizing the 
extent of fouling on membrane-separation processes, thus result¬ 
ing to increased quality of the permeate [198], In fact, pretreat¬ 
ment is a requirement for seawater RO desalination to combat 
fouling [199], Ineffective or unreliable pretreatment can to lead 
high rates of membrane fouling, high frequency of membrane 
cleanings, lower recovery rates, high operating pressure, poor 
product quality and reduced membrane life [200], Pretreatment 
can alter the physico-chemical and/or biological properties of the 
feed water resulting to lesser fouling formation and improved 
desalination performance. Pretreating seawater in a biofilter was 
found to reduce the nutrient concentration, thus significantly 
declining the biofilm formation in RO systems [189], Several 
methods such as coagulation/precipitation, media filtration, soni- 
cation, boiling (thermal water softening), membrane filtration, pH 
changes, chlorination, etc. are used as pretreatment methods for 
desalination and water purification processes [201]. The efficiency 
of pretreatment depends on many parameters such as the agents 


used, temperature, dosing point, solution and foulant properties, 
and the characteristics of the membrane [33], 

MD is anticipated to require less intensive pretreatment com¬ 
pared to pressure-driven membrane processes due to the absence 
of high pressure that lead to the compaction of fouling layers 
[30,202]. However, the importance of pretreatment in MD cannot 
be underestimated because it acts as the first line of defense for 
membrane fouling especially in industrial desalination setting. 
Different real feed source waters contain mixed constituents (i.e„ 
inorganic, organic, colloids and particulates, and microorganisms) 
and may be exposed to variable feed water qualities; hence 
pretreatment is a necessary first step for practical MD application, 
but is not as intensive compared to pretreatment in pressure- 
driven desalination technologies. In general, pretreatment in MD 
must be applied to the feed to initially remove macroparticles and 
microorganisms. The removal of turbidity and fine particulates 
(TSS) is necessary for seawater RO but not required for MD [88], 
However, when real seawater is used as feed, pretreatment is an 
essential process for MD to reduce fouling formation [88], 

Many pilot scale MD plant studies employ different pretreat¬ 
ment methods in their experiments. For example, Jansen et al. [51] 
operated an MD pilot plant based on liquid gap MD and employed 
filtration and degassing to pretreat the feed seawater. High quality 
permeate could be obtained with simple pretreatment (such as 
sieving at ~40pm). One notable small DCMD pilot plant study 
was carried out by Song et al. [24] and successfully operated on a 
daily basis for 3 months. The hot brine used was either city water 
at different salt concentrations (3.5%, 6%, and 10%) or trucked-in 
seawater. The results indicated high water recovery and relatively 
stable water vapor flux, with no salt contamination in the distillate 
side. Concentrating the seawater up to 19% did not result to fouling 
of the modules, even though scaling salt precipitates were floating 
around. This pilot study applied prefiltration using 1 pm PP 
prefilter as pretreatment to the DCMD pilot plant, which could 
explain its less fouling propensity as the prefilter prevented 
macroparticles, biological and other slimy materials in seawater 
from coming and fouling the membrane modules. In contrast, 
direct use of coastal seawater as feed without pretreatment from 
the Mediterranean Sea taken during the summer and autumn 
seasons [186] showed biofilm formation on the membrane sur¬ 
faces after sufficient operating time. 

Coagulation is recognized as one of the effective and low-cost 
pretreatment methods for membrane separation processes. The 
coagulants can change the stability of the particles present in the feed 
by neutralizing the charge and allows the small suspended particles to 
collide and agglomerate into bigger and heavier particles. Wang et al. 
[112] investigated the effect of PAC1 coagulant as a pretreatment for 
the desalination by MD of RCW. Distorted rhombic magnesium-calcite 
scales were formed when coagulation pretreatment was used com¬ 
pared to loosely-packed deposits with small-size particles when no 
coagulation was employed. Coagulation was found to remove sub¬ 
stantial parts of NOM including total organic carbon and total 
phosphorus, and also removed some antisealant additives, which lead 
to the formation of large crystals on the membrane surface. The 
formation of bigger crystals due to coagulation reduces the tendency 
of membrane partial wetting, because the bigger crystals find it 
difficult to enter the membrane pores, and just deposit on the surface. 
The results revealed that coagulation pretreatment has improved the 
MD flux by 23% compared to that without pretreatment [112], In 
another study, pretreatment by precipitation of foulants by Ca(OH) 2 
was found to significantly limit the occurrence of membrane fouling 
during the MD treatment of generated effluents from the regeneration 
of ion exchangers [203], 

Membrane-based filtration pretreatments such as the use of MF, UF 
and even NF are gaining increasing attention due to their efficient 
removal of particulate materials and large macromolecules in the feed. 
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El-Abbassi et al. [204] investigated the effect of two pretreatment 
methods (coagulation/flocculation and MF) in the treatment of OMW 
by DCMD. They found that between the two pretreatment methods, 
MF showed the better results when integrated with DCMD. A 
reduction of 30% in total solids was observed when using MF as 
pretreatment compared to a reduction of 23% total solids using a 
coagulation/flocculation method. Pretreatment by MF prior to MD 
process was found to increase the permeate flux by 25%, thus 
rendering pretreatment as an effective technique to enhance the flux 
performance [79]. Zhiqing et al. [181 ] investigated the effect of UF with 
coagulation as pretreatment on membrane fouling and VMD perfor¬ 
mance of RO concentrated wastewater. PAC1, FeCl 3 , and PAM were 
selected as coagulants. After coagulation with optimized dosages, the 
feed solution was further treated with UF hydrophilic membrane by a 
dead-end filtration process. The feed solution flowed through the 
hollow fiber membranes and the vacuum system was connected to 
the module. The results showed that the flux of VMD process was 
increased after pretreatment by coagulation and UF, and when the 
concentration factor reached 8, the flux of VMD process using properly 
pretreated solution was 30% higher than that using unpretreated 
solution. The COD cr removal also reached 40%. Among the coagulants 
used, PAC1 showed the best results compared with PAM and FeCl 3 . 
Pretreated feed water by PAC1 and UF showed higher normalized flux 
and low fouling tendency than those of unpretreated feed and the feed 
treated with PAC1 only. In another study, NF was used as pretreatment, 
which significantly improved the performance of a DCMD module 
using tap water as feed [135], However, some silica precipitation after 
NF pretreatment was found that blocked the DCMD module inlet. This 
blocking problem was resolved by just adding a filtration net after NF 
and prior to the module inlet, and the process was run without flux 
decline for 1100 h. The use of cartridge filters/screens is reported to be 
enough in effectively removing particulates from the feed water. 

Thermal pretreatment or boiling of water to remove most 
bicarbonates from water was also reported to minimize the scaling 
of the membrane in MD 205]. This treatment would be more 
beneficial when utilizing groundwater that usually contains high 
hardness by intentionally breaking down bicarbonates at high 
temperature. In another study, boiling and filtration of saline waste- 
water were found to reduce the occurrence of protein fouling [29], 
The wastewater was boiled for 30 min and then after cooling to room 
temperature, was filtered out using a filter paper. As a result, the TOC 
and turbidity of the wastewater decreased by 60% and 79%, respec¬ 
tively after boiling. This leads to the prevention of rapid flux decline 
in DCMD, confirming that the thermal (boiling pretreatment) has 
removed protein foulants from the feed. 

Conventional precipitation as water softening method is often 
used to induce CaC0 3 precipitation by chemical dosing using lime, 
caustic and soda ash [206], However, this method requires longer 
time for settling and has low solid production (2-30% solid 
content) [206], To aid in this deficiency, seeded precipitation 
process was developed. In a previous work, APS method was used 
as pretreatment for the high-recovery desalination of RO concen¬ 
trate by DCMD. Qu et al. [138] employed an APS method by pH 
adjustment with sodium hydroxide together with calcite seeding, 
and followed by MF. The APS pretreatment removed 92% of 
calcium, leading to the reduction of scaling potential from CaC0 3 
and CaS0 4 . The permeate flux was found to only decline by 20% 
after 300 h of operation. Controlling the pH of the feed solution is 
a good pretreatment strategy to alleviate the effect of scaling in 
MD. Many researchers add acid such as HC1 to bring feed water to 
pH 4 or 5 [112,120] and found effective mitigation of CaC0 3 
scaling, but not much success for silica [135], One issue of this is 
the cost associated with the use of acid, which could be costly 
depending on the usage volume and the desired pH. 

Table 4 shows some MD studies reported in the literature 
using pretreatment to control the effect of fouling. These 


studies show that pretreatment can positively affect the per¬ 
formance of MD through an improved permeate flux and lower 
occurrence of membrane fouling. The availability of renewable 
energy such as solar and geothermal, and the possibility of 
coupling MD with waste heat, can provide a more energy 
efficient MD process together with pretreatment. It is ought 
to be emphasized that pretreatment in MD is a necessary step 
toward practical industrial and pilot-scale desalination, water 
treatment and purification processes, that would lead to lesser 
fouling formation, and more efficient MD operation. 

4.2. Membrane flushing 

Nghiem and Cath [121] investigated a scaling mitigation approach 
by regular membrane flushing during DCMD. Scaling tests were 
performed on a PTFE membrane at different feed inlet temperatures 
(40-60 ’C) using CaS0 4 , CaC0 3 and silicate as foulants. The initial 
results found that CaS0 4 scaling has more severe occurrence than the 
other two foulants; thus additional tests were only carried out with 
CaS0 4 . The induction period of CaS0 4 scaling was found to decrease 
with the increase in feed temperature [121] as was also previously 
observed by another study [81 ]. The precipitated CaS0 4 ciystal sizes 
showed increasing sizes with the increase of feed temperature, which 
is consistent with the CaS0 4 precipitation kinetics and thermody¬ 
namics [81,119], The effect of CaS0 4 feed concentration showed 
varying duration of induction period. The results suggest that mem¬ 
brane scaling is not only due to the attainment of supersaturation, but 
also it can occur after a sufficient induction time. A long induction 
period was observed, which provides an opportunity for mitigation 
strategies if one can reset the induction period. If the nucleation sites 
at the membrane surface are constantly removed before rapid crystal¬ 
lization, membrane scaling can be effectively controlled. Fig. 9 shows 
the flux results after regular flushing of Milli-Q water for every 20 h 
interval of DCMD test with 2000 mg/L CaS0 4 solution. The flux was 
held constant for the whole duration of DCMD test after regular 
flushing, showing the effectiveness of simple flushing of Milli-Q water 
in removing nucleation sites during the induction period even at a 
supersaturated condition (i.e„ at 2000 mg/L CaS0 4 ). 

4.3. Gas bubbling 

The formation of mineral deposits on the membrane surface 
decreases the permeate flux and deters the life of a membrane. The 
formation of deposits on the membrane surface can be minimized by 
increasing the shear rate at the surface to constantly remove fouling 
layers [207,208], One way of doing this is through a gas bubbling 
method, which forms a gas-liquid two phase flow that induces 
secondary flows increasing the maximum shear stress at the mem¬ 
brane surface [209,210]. The following are identified as the mechan¬ 
isms of gas bubbling in controlling fouling [211]: (a) bubble induced 
secondary flow, (b) physical displacement of the concentration polar¬ 
ization layer, (c) pressure pulsing caused by passing bubbles, and 
(d) increase in superficial cross-flow velocity. The effect of gas 
bubbling on the scaling of a PVDF hollow fiber membrane in a high 
salt concentration DCMD set-up was investigated by Chen et al. [212], 
A nozzle connected to an air pump was placed at the inlet side of the 
feed (Fig. 10) to disperse air and bubbles inside the MD module. The 
utilization of gas bubbling was found to increase the permeate flux 
enhancement ratio by about 1.72 at an optimized gas flow rate. It was 
found that gas bubbling could reduce temperature polarization and 
could enhance the surface shear rate, leading to delay of crystallization 
of scales at the surface. This means that scaling of membrane was 
reduced due to the introduction of gas bubbling. It was suggested that 
together with gas bubbling, a higher enhancement in flux could be 
realized by operating at higher feed temperature, or at lower feed and 
permeate velocities, or by using an inclined module, shorter fiber 
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Table 4 

Some pretreatment strategies for MD application reported in the literature. 


MD configuration Feed type Pretreatment Observation/remarks Ref. 

(membrane material) 


DCMD (PVDF hollow fiber) 

Recirculating cooling water 

PAC1 coagulation, precision filtration, 
acidification and degasification 

DCMD (PP hollow fiber) 

Tap water 

NF and filtration net 

DCMD (PP hollow fiber) 

Groundwater, tap water, 

Thermal softening or boiling and 


lake water 

filtration by filter paper 


- MD flux improved by 23% after employing coagulation [112] 
pretreatment in 30 days operation. 

- NF pretreatment and filtration net prior to module inlet [135] 
has improved the long-term DCMD performance up to 

1100 h. 

- Bicarbonate ions were found to lower by 2-3 times after [205] 
boiling water for 15 min. 

- Boiling only benefits underground waters with high 
hardness. 


DCMD (PVDF hollow fiber) RO concentrate 


DCMD (PP hollow fiber) Bilge water, saline 
wastewater 


Accelerated precipitation softening (i. 
e., pH adjustment+calcite 
seeding+MF) 


- APS treatment resulted to high removal of calcium and [138] 
total hardness. 

- Flux was improved dramatically after APS treatment, 
with only 20% flux decline in 300 h. 


- (1) Sedimentation+UF 

- (2) thermal 
pretreatment+filtration 


- Significant flux decline was observed for [29] 

pretreatment (1) 

- Rapid flux decline was prevented for pretreatment 
(2) due to removal of protein from boiling 


DCMD pilot plant 
(fluorosilicone-coated PP 
hollow fiber) 

MD pilot plant (PVDF, PP, 
UHM-PE) 

DCMD (PP hollow fiber) 


City water (3.5, 6, and 10%), 
real seawater 

Seawater 

CaC0 3 and CaS0 4 solutions, 
mixed CaC0 3 /CaS0 4 
solution 


1 pm PP filter 

Filtration+degassing 
Acidification with HC1 to pH 4 


- Very limited flux reduction was observed even at [24] 

seawater feed concentrated up to 19.5% 

- Production of excellent product water quality with little [51 ] 
need of pretreatment 

- Induction period was extended for at least 7 h [120] 

- Stable flux was obtained from beginning to end 


length or lower fiber density. However, one must also take note that 
the effectiveness of gas bubbling is greatly affected by the size of 
induced bubbles, wherein uniformly distributed fine bubbles showed 
better result than coarse bubbles [213]. Utilizing direct observation and 
statistical analysis, their succeeding study [214] confirmed that it is 
preferential to employ bubbles with narrow size distribution and 
small mean bubble size to create even flow distribution, intensity 
mixing, and enhance the shear rate. 

In another study, Ding et al. [172] used intermitted gas 
bubbling to mitigate fouling during the concentration of TCM 
extract via DCMD. Gas bubbling was introduced into the DCMD 
module with PTFE membrane by a fan connected at the entrance 
side of the feed. The influence of gas flow rate, bubbling duration 
and MD duration in each cycle on the fouling mitigation were 
investigated. In the initial test, it was observed that the permeate 
flux started to decline at the start of bubbling, and the flux 
remained at low level at continuous introduction of bubbles in 
the module. This could be due to the tendency of the bubbles to 
occupy part of the membrane surface, which reduces the contact 
area of the feed liquid to the membrane. Additionally, it could also 
be that some bubbles would stay inside the membrane pores, 
which affect the partial vapor pressure at the membrane pore 
leading to reduced flux. Thus, to address this tendency, intermit¬ 
tent gas bubbling was carried out for a duration of 1-3 min. 
Effective reduction of fouling was realized with the use of inter¬ 
mittent bubbling, wherein its mitigating or cleaning efficiency is 
improved with the increase of gas flow rate and gas bubbling 
duration, and the decrease of MD duration. Due to its mechanism 
of increasing the shear rate at the membrane surface, gas bubbling 
is mainly effective in addressing external membrane fouling. 

4.4. Temperature and flow reversal 

A recent study [215] reported on the use of temperature and flow 
reversal techniques as new methods for the effective mitigation of 



Fig. 9. Permeate flux and feed concentration of CaS0 4 versus time during five 
repetitive DCMD tests with membrane flushing after each test. A fresh 2000 mg/L 
CaS0 4 was used after each test. 


fouling of MD, so as to restore flux and salt rejection performances. In 
a flow reversal method, the feed side and the permeate side channels 
were reversed, i.e., the feed side became the permeate side, and the 
permeate side became the feed side. On the other hand, the 
temperature reversal method was carried out by circulating a colder 
feed stream (15 °C of Great Salt Lake water in this case) while 
maintaining the same water and at the same temperature at the 
permeate side, which was warmer (at 30 °C). For both methods, prior 
to the reversal of either flow or temperature, the DCMD tests were 
first terminated before the occurrence of scaling or after recovering 
35-40% of the feed water. The results showed good effectiveness in 
maintaining the water flux and salt rejection using both methods; 
however the temperature reversal method showed better overall 
performance. Similar with membrane flushing and gas bubbling, the 
working mechanisms of these new techniques were inhibiting the 
homogeneous precipitation of salts and disrupting the nucleation of 
salt crystals on the membrane surface. However, no in-depth explana¬ 
tion on the nucleation kinetics and scale formation was provided in 
this study [215], 
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Fig. 10. Schematic of the (a) air inlet position in the feed side of the MD module and the (b) photographic image of the air nozzle (adapted from [212]). 


4.5. Surface modification for anti-fouling membrane 

In recent years, a number of research studies have been geared 
on membrane surface modification to enhance hydrophobicity and 
anti-fouling properties of MD membranes. Different superhydro¬ 
phobic coatings were applied on various substrates, and results 
showed less biofouling formation on these coated substrates than 
the uncoated ones [216,217], A previous study has reported the 
control of organic fouling by hydrophilization of the membrane 
surface. By coating a PTFE membrane with sodium alginate hydrogel, 
the adsorption of citrus oil on the membrane surface was signifi¬ 
cantly lessened [218], 

Increasing the hydrophobicity of a membrane usually leads to 
higher LEP, and consequently more resistance to pore wetting. 
Razmjou et al. [8] fabricated a superhydrophobic PVDF membrane 
by incorporating Ti0 2 nanoparticles via a low temperature hydro- 
thermal process. DCMD tests were carried out including the effect 
of fouling formation using HA and calcium chloride as foulants. 
The deposition of Ti0 2 forming hierarchical structure with multi¬ 
level roughness on the surface has increased the hydrophobicity 
up to 166°, and consequently increasing the LEP to 195 kPa. 
Fouling tests revealed similar fouling behavior for both virgin 
and modified membranes, but the modified membrane showed 
much higher flux recovery, indicating a better anti-fouling prop¬ 
erty. A different study has suggested that a good technique of 
inhibiting surface nucleation and particle attachment of CaS0 4 
scales on membrane surfaces is to utilize polypropylene mem¬ 
branes coated with fluorosilicone layer [81], 

In another study, Zhang et al. [219] fabricated a superhydro¬ 
phobic PVDF flat-sheet membrane by casting and spraying a 
mixture of polydimethylsiloxane (PDMS) and hydrophobic Si0 2 
nanoparticles onto the membrane surface. The modified mem¬ 
brane showed a contact angle (CA) of 156°, which was much 
higher than that of the original membrane (CA=107°). The DCMD 
flux performance of the modified membrane however showed 
lower than that of the original membrane, but is compensated 
with a high salt rejection efficiency. Fouling tests were carried out 
at very high concentration of 25 wt% NaCl solution. The results 
showed in the first 40 h, the flux profile was similar for both 
membranes; however after 40 h, there was a steep flux decline for 
the original membrane, indicating membrane wetting and fouling. 
The modified membrane showed more stable flux. By examining 
the membranes after the test, NaCl deposits were found on the 
original membrane surface, with some are blocking the pores, 


while on the modified membrane surface, almost no deposits were 
found. This study indicated the potential of surface modification 
by Si0 2 nanoparticles as a good method in fabricating anti-fouling 
MD membranes. 

4.6. Effect of magnetic field and microwave irradiation 

The effect of magnetic water treatment on the scaling of DCMD 
was investigated. The use of magnetic field for the mitigation of 
scaling has a long history in heat exchanger and cooling water 
fouling application. The magnetic effect is claimed to reduce the 
nucleation rate and accelerate the crystal growth [ 220 , 221 ], 
Several reports have indicated the good mitigating efficiency of 
the use of magnetic fields for cooling-water and heat exchanger 
fouling [106,222], Due to similarities in operation between MD 
and heat exchanger process except that porous membrane is used 
in MD, Gryta [114] investigated whether the MWT could help 
mitigate the scaling formation in MD. The source of the magnetic 
field was two S-S permanent magnets with strength of 0.1 T each. 
The magnetic treatment of the feed has resulted to formation of 
bigger crystallites (mainly calcite), and thinner and more porous 
deposits on the membrane surface compared to the untreated 
feed. The permeation test showed smaller reduction in permeate 
flux when MWT was used compared to that without the use of 
MWT. However, using MWT did not help in reducing membrane 
wetting, wherein all membranes tested (with and without MWT) 
showed partial wetting up to a depth of 40-50 pm inside the 
pore walls. 

In two complementary studies [223,224], a non-chemical water 
treatment method utilizing microwave irradiation was investigated on 
its scaling mitigation effect in MD. There are four mechanisms 
involved during microwave irradiation: (a) the microwave energy 
can help destroy the water molecule clusters; thus it can help in 
accelerating the escape of molecules from the bulk solution; 

(b) microwave can also increase the polar structure activity of the 
membrane material, which lead to faster penetration of molecules; 

(c) polar molecules such as in water can move faster upon absorption 
of microwave energy; and (d) microwave irradiation can induce 
thermal effect, which can help reduce temperature polarization in 
MD. In a VMD study, the use of microwave irradiation could induce 
uniform heating in the radial direction and has led to the improve¬ 
ment of the mass transfer during MD process, but its effect on scaling 
was still ambiguous [224], Microwave irradiation had somehow 
aggravated the deposition of calcium carbonate on the membrane 
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surface. In a subsequent study [223], the effect of the same microwave 
irradiation technique on the crystallization of inorganic salts was 
further investigated. The results showed no significant difference in 
flux for the test with microwave irradiation compared to no micro- 
wave irradiation. It has been concluded that the ionic conduction was 
the main factor affecting the absorption of microwave energy in the 
solution. Differing effect of microwave irradiation to NaCl crystal¬ 
lization compared to CaC0 3 crystallization was observed. Crystal 
growth and higher deposition were observed for CaC0 3 (more 
aragonite), while fewer number of crystals but with more uniform 
size distribution were observed for NaCl crystals. The use of micro- 
wave irradiation could be useful if adjustment of ciystal phase is 
needed during an inorganic scaling process. 

4.7. Use of antisealants 

Antisealants are chemical additives that interfere with the 
precipitation reaction of scales and weaken the adherence of 
scales to the membrane surface. The use of antisealants has been 
proven to be effective in inhibiting scaling in RO, in conventional 
thermal processes such as MSF desalination, MED, and in heat 
exchanger and cooling-water applications [225-228], Among the 
commonly used antisealants are condensed polyphosphates, orga- 
nophosphonates, and polyelectrolytes [229], Dose of trace 
amounts of antisealants is found to effectively suppress scaling 
by physical mechanism rather than chemical mechanism [230], 
The antisealant adsorbs on the crystal surface blocking the active 
growth sites, which leads to: (a) retardation of crystal growth rate, 
(b) changes in crystal surfaces properties and agglomeration 
tendency, and (c) changes in crystal morphology leading to 
deformed or friable scales that are weakly adhered to the mem¬ 
brane surface [231,232], 

In MD application, it is important to retain the hydrophobicity of 
the membrane and avoid wetting so as to maintain high MD 
performance efficiency. As the mechanism of antisealant in inhibiting 
scaling involves some modification of the surface energy of crystals, 
there could be a tendency that antisealants, which have water-like 
hydrophilic property [119], could affect the membrane surface energy 
if used in MD, and may lead to membrane wetting. Thus, He et al. [ 119] 
conducted a study investigating the effect of 5 different antisealants 
namely K797, K752, GHR, GLF, and GSI on the membrane wetting and 
scaling by calcite CaC0 3 and gypsum in DCMD set-up. Table 5 lists the 
composition and properties of the antisealants used. Hydrophobic 
polypropylene hollow fibers coated with fluorosilicone coating were 
used as membranes. The concentration of antisealants varied from 
0.6 to 70 mg/L. Surface tension measurements of the solution with 
antisealant showed similar surface tension value to that of tap water, 
which means that the 5 tested antisealants had negligible surfactant 
effects. Breakthrough pressure test indicated no wetting of the 
membrane, supporting the surface tension measurement results. The 
addition of antisealants was found to affect the induction period of 
both CaC0 3 and CaS0 4 , i.e., they slowed down the precipitation of 
crystals even at a very low dosage of 0.6 mg/L. Different antisealants 
showed varying degree of inhibiting scaling, where antisealant K752 
showed the most effective in inhibiting CaS0 4 scaling. 

In a recent study, Gryta [115] investigated the effect of polypho¬ 
sphates on CaC0 3 scaling of MD using a capillary tube module. The 
results showed that polyphosphates have affected the morphology of 
the precipitated scales. Without the use of antisealants (i.e., polypho¬ 
sphate), large amounts of scales in cubic-like structures (average 
size=10pm) were formed on the membrane surface. Checking by 
XRD revealed that these were mainly calcite scales. However, when 
polyphosphates were added in the solution (2-20 ppm), the scales 
formed were amorphous in a low-porous layer. The non-porous layer 
has resulted to decrease in permeate flux, lower than that with¬ 
out the use of antisealant. However, a simple periodic rinsing of HC1 


solution was found to easily remove the low-porous layer and restore 
the initial flux efficiency. This is because the amorphous, low-porous 
scale was only observed to deposit on the membrane surface, and not 
inside the membrane pores, thereby reducing the tendency of the 
membrane to be wetted after acid rinsing. 

The use of antisealants can generally aid in minimizing scaling 
of inorganic salts. However, care must also be taken with the use of 
antisealants due to the following limitations [32]: (a) overly high 
dosage of antisealants could make them as foulants themselves, 
thus optmimum dosage is important; (b) some antisealants are 
reported to increase the biological growth of some microorgan¬ 
isms, leading to more biofouling formation; (c) some antisealants 
can react with chemicals used during pretreatment, which can 
form fouling formation or can degrade the efficiency of antisea¬ 
lants; (d) some metal ions such as iron can react with antisealants 
to form a foulant layer, and; (d) the use of antisealants is 
complicated and not easy to monitor in the system. 

4.8. Chemical cleaning 

Chemical cleaning agents are abundant commercially, which 
include acids, alkalis, metal chelating agents, surfactants, enzymes 
and oxidizing agents [34,233]. In MD processes, strong or weak 
acids are usually used for cleaning especially those dealing with 
CaC0 3 fouling [62], Generally, rinsing with acid (commonly using 
HC1) is particularly effective in removing inorganic scales, while 
rinsing with basic/alkali solution is relatively effective in the 
reduction of organic fouling [87,135]. For biofouling, the main 
prevention method is the continuous dosage of biocides. 

Depending on the location of the scales, rinsing can usually 
recover the initial flux if the scales are only deposited on the 
surface. However, formation of crystals inside the pores of the 
membrane could be harder to remove, and could lead to pore 
wetting if rinsed repeatedly; thus full recovery is impossible in this 
case. A study has shown that rinsing the module with 3 wt% HC1 
solution can effectively remove scaling and obtain permeate flux 
close to the initial flux. Microscopic images of acid-cleaned surface 
showed similar characteristics as those of a new membrane [139], 
Wang et al. [112] utilized 2 wt% HC1 or 2 wt% NaOH solutions to 
remove the CaC0 3 scales from fouled hollow fiber membranes. The 
rinsing using both acid and base solutions resulted to the removal 
of the majority of the deposits, recovering the hydrophobic 
property of the membrane. In a recent study, membrane fouling 
and cleaning were investigated by lab-scale experiments and 
through intermittent long-term (2010-2013) solar MD pilot plant 
operation in Spain [25]. From among the cleaning agents tested 
initially in the laboratory (i.e., 5 wt% citric acid, 5 wt% formic acid, 
5 wt% sulfuric acid, 0.1 wt% oxalic acid+0.8 wt% citric acid, and 
0.1 wt% Na 5 P 3 0 10 (detergent agent)+0.2 wt% EDTA), the 0.1 wt% 
oxalic acid+ 0.8 wt% citric acid solution showed the best cleaning 
performance of scaling mainly composed of NaCl and Fe, Mg, and 
Al oxides. However, membrane structural damage was observed 
which was attributed to fouling as well as due to chemical 
treatment that lead to the enhanced wetting of the membrane. 
When the identified cleaning agent was used for the MD pilot 
plant, greater than 85% salt rejection was obtained only after a 
second cleaning procedure that eventually reduced the wetting 
tendency. However, the dry-out periods (inactive periods) were 
found to favor membrane wetting again. 

5. Fouling monitoring and characterization techniques 

To better understand and minimize the fouling formation 
and propensity, it is important to assess and characterize the 
foulant by several diagnostic and measurement techniques. These 
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Table 5 

The antisealants' 1 used in the study (adapted from [119]). 


Antisealants 

Chemical name 

Weight % less 
than 

PH 

Recommendation conditions 

Dosage (mg/ 
L) 

CaC0 3 

CaS0 4 

K797 b 

Water 

50 

2.4-3.0 

N/A 

N/A 

N/A 


Acrylic terpolymer/Solids 

50 





K752 b 

Polacrylic acid 

47 

2.2-3.0 

N/A 

N/A 

N/A 


Water 

37 






Sodium polyacrylate 

16 





GHR C 

Aqueous solution of nitrogen containing organo-phosphorus compound 

N/A 

1 .8-2.0 

0.4-0.8 

Best 

Effective 






choice 


GLF C 

Aqueous solution of an organo-phosphorus compound 

N/A 

9.8- 

2-4 

Best 

Effective 




10.2 


choice 


GSI C 

Synergistic blend of antisealants based on neutralized carboxylic and phosphoric 

N/A 

9.8- 

2-5 

Effective 

Effective 


acids 


10.2 





a Provided by manufacturers. 

b From Noveon Inc. (Cleveland, OH). 

c From Genesys International LTD (Minneapolis, MN). 


techniques including physical, chemical and biological character¬ 
ization can provide information on the fundamental processes 
governing membrane fouling [234], Table 6 lists the different 
characterization and measurement methods used in membrane 
fouling study. 

The lifetime of a membrane is affected by several factors 
including the operational conditions, and the physical and chemi¬ 
cal control or cleaning techniques associated in combating fouling. 
Membrane autopsy is a reliable method in understanding the 
various questions about the decline in performance and lifetime of 
a membrane [235], It involves the dissection of the membrane, 
inspection of the surface and fouling deposits, and other compo¬ 
nents to check for any damage. Autopsy can determine the real 
identity of the foulants, and through characterization and analysis, 
future pretreatment, control and cleaning strategies can be pre¬ 
pared with confidence [100], 

5.1. Physical characterization 

Direct visualization by an optical microscope of the particle 
deposition on a membrane is a simple and straightforward 
technique that provides a non-invasive, in situ visualization and 
quantification of fouling [236]. The set-up is usually composed of a 
microscope, a video camera, and a membrane module and can 
visualize particles larger than 1 pm. This is termed as direct 
observation through membrane [237] when the camera lens is 
focused on the permeate side and direct visual observation [238] 
when the camera is focused on the feed side of the membrane. 
These techniques have been successfully carried out for flat-sheet 
membranes for the visualization of particle deposition in real time, 
but not so much on the observation of deposit thickness. Attempts 
to quantify the thickness of fouling deposits by in-situ visualiza¬ 
tion on hollow fibers were carried out by Marselina et al. 
[236,239]. A similar technique for real-time crystal monitoring of 
membranes is through the use of EXSOD [240,241]. It consists of 
on-line image analysis and control capability as an actuator for 
EXSOD that can be integrated in the desalination system. 

SEM is one of the most commonly used techniques to view the 
morphology and structure of surfaces and cross-sections of sam¬ 
ples at the microscopic level. A focused high-energy electron beam 
is generated and travels through a series of magnetic lenses 
towards the target area and an image is generated on a screen. 
Usually, a very thin coating of gold, carbon, or platinum layer is 
sputter-coated onto the sample to increase its conductivity, and 
improve the resolution of the image. SEM analysis can provide 


quantitative and qualitative assessment of the foulants and mem¬ 
brane surface, giving details on thickness, morphology, and struc¬ 
ture. However, one drawback of SEM is the need for partially or 
completely dried samples, which could be an issue for some 
foulants because of the tendency to change in structure during 
drying [196]. Fig. 11 gives example of SEM images from unfouled 
and fouled membranes. 

To provide a more realistic three-dimensional (3D) image of the 
surface down to the nanoscale level, AFM will be very useful for 
this. AFM provides details of the topology, morphology and 
roughness of the surface, giving a 3D surface profile without the 
need of pretreatment of samples. AFM can be carried out by 
contact or non-contact mode using a cantilever that deflects 
according to Hooke’s law. For example, dimension of pores and 
roughness measurements showing the hills and valleys where 
deposits could form were directly measured by AFM imaging and 
proved useful for analysis [242,243]. By comparing virgin and 
fouled membranes, significant differences in morphologies were 
observed using AFM. 

The optical laser sensor method is used to investigate the 
deposit thickness on a membrane [244]. The technique uses laser 
light to traverse through the deposit layer, and differences in the 
detected signal intensity is converted into the deposit thickness. 
This was successfully presented in the investigation of fouling in 
microfiltration of bentonite suspensions [244], 

UTDR uses ultrasonic waves to provide real-time measurement 
of the location of an interface (stationary or moving). UTDR also 
provides the physical characteristics of the media where the waves 
travel [245], The velocity of the propagated sound waves is 
dictated by the medium they travel, and if there is an interface 
between two media, there will be partitioning of energy leading to 
reflection of waves. The reflected waves are detected by an 
ultrasonic transducer, and when the velocity of the medium is 
known, the propagation path or thickness can be calculated. 
Mairal et al. [245] first used UTDR to characterize the fouling 
layers on a flat-sheet membrane, while others [246,247] used it to 
investigate fouling of hollow fibers. 

The wettability of a surface is determined by the geometrical 
structure of the surface and material composition. To quantify 
wettability, the CA is measured, which is the angle between the 
liquid drop and the horizontal surface. The three interfacial forces 
that are thermodynamically in balance when putting a drop of 
water on a surface include liquid-vapor surface tension, solid- 
vapor interfacial tension, and solid-liquid interfacial tension 
[248,249]. These forces determine whether the droplet becomes 
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a thin film or forms into a cylindrical shape. When the angle is 
below 90 Q , it exhibits a hydrophilic behavior, while angles above 
9CF exhibit hydrophobicity [99], When the angle reaches above 
150°, then it is considered as a superhydrophic surface. For MD, 
maintaining the hydrophobic behavior of the membrane is impor¬ 
tant so as to prevent pore wetting. However, formation of fouling 
layers on the surface can drastically reduce the surface hydro¬ 
phobicity because the foulants are usually hydrophilic, thus 
promoting pore wetting phenomenon leading to flux decline and 
low salt rejection efficiency. 

5.2. Chemical characterization 

Zeta potential, defined as the potential at the surface of shear, is 
an important parameter in determining the electrokinetic phe¬ 
nomena of membranes. The value of zeta potential is determined 
by indirectly measuring the potential difference between the 
dispersion medium and the charged surface. The determination 
of zeta potential is used to evaluate the surface charge of a 
membrane, which dictates the possible interaction between the 
particles (foulants) and the membrane surface. 

The mechanical integrity of a membrane is an important factor for 
its long-term performance. Tensile strength is an important indicator 
of how well the membrane could withstand the stress associated with 
the MD operation before suffering permanent deformation or fracture. 
The tensile strength has been used as a parameter for membrane 
autopsy studies [250], Investigating the tensile strength of the 
membrane is particularly important when comparing the effect of 
fouling to that of unfouled or virgin membranes. It is known that 
fouling can degrade or affect some changes in the membrane structure 
and properties, and when left unaddressed, could severely damage the 
membrane. Moreover, doing extensive cleaning and fouling control 
strategies on membranes could also affect the mechanical integrity in 
the long term. Thus, checking the tensile strength of the unfouled and 
fouled membrane, and also in consideration of the duration of use (in 
years), could give a general indication of the “tiredness” of the 
membrane. Tensile testing is a destructive method, and can be done 
using a universal testing machine, following standard procedures 
such as ASTM D368-10 (Standard test method for tensile properties 
of plastics). 

The concentration (in parts per billion (ppb) or parts per 
million (ppm)) of metal and non-metal elements in a fouling layer 
can be selectively determined using 1CP-MS. Individual ions such 
as calcium and magnesium ions can be individually detected at 
high accuracy. To prepare the samples, deposits attached on the 
membrane surface should first be dissolved in acidic or alkaline 
solutions. Inorganic and organic deposits are better extracted by 
acidic and alkaline solutions, respectively. 

EDS is an analytical technique to analyze the elemental 
composition of a fouled surface and the device is usually attached 
to SEM or TEM. As each element has a unique atomic structure, the 
peaks generated from the interaction of electromagnetic radiation 
and the foulant in EDS represent different atomic elements; thus 
the surface elemental composition can be identified. Fig. 12b 
shows the EDS spectra of the deposits shown in Fig. 12a. Using 
tap water, fouling deposits were formed on a polypropylene 
membrane. EDS investigation showed the deposit was composed 
mainly of calcium, and some traces of Mg, Al, S and Cl. This 
indicates that the deposit mainly consists of CaC0 3 scales. 

FTIR can be used to characterize and identify the chemical 
bonds and molecular structure of organic molecules by obtaining 
the IR spectra of the sample. Advances in FTIR have led to analysis 
of organic and inorganic functional groups on the surface. Func¬ 
tional groups are assigned with absorption bands, and shifting of 
the bands indicates changes in the chemical structure or in the 
environment around the polymer membrane. 
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Fig. 11. Microscopic images of (a) virgin (unfouled) and (b) scaled PP membrane (adapted from [122]). 


a 


b 
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Fig. 12. (a) SEM image and its corresponding EDS spectra of CaC0 3 formed on the membrane surface with tap water as feed (adapted from [62]). 


XRD is a versatile analytical technique to investigate and 
quantify the crystalline nature of materials may they be inorganic, 
organic, polymers, metals or composites. XRD measures the 
diffraction of X-rays from the planes of atoms within the material. 
Every substance has a unique XRD spectrum that serves as like its 
fingerprint [251], XRD can find the crystal structure of the 
material, determine the orientation of a single crystal or grain, 
measure the average spacings between layers or rows of atoms, 
and measure the size, shape and internal stress of small crystalline 
regions. XRD has practical applications in a broad range of 
scientific field. Gryta [115] checked the components of a scale on 
a polypropylene membrane with and without antisealant by XRD 
analysis (see Fig. 13). Based from the figure, calcite crystals were 
observed for the scale without the use of antisealant, and this 
calcite peak disappeared after using antisealant. 

For organic foulants, the TOC can be extracted from the fouling 
layer using NaOH solution, which can desorb or dissolve fractions 
of organics. The samples are then injected into a high-temperature 
furnace or chemically-oxidizing environment, wherein with the 
help of a catalyst, the organic matter is oxidized to carbon dioxide, 
and quantitative measurement is carried out by an infrared 
analyzer. 

The hydrophobic property of MD membranes are prone to 
enhanced organic fouling if used in wastewater treatment especially 
to protein because of the high affinity of protein to adhere on 
membranes [90,218], A more detailed analysis of organic constitu¬ 
ents of a fouling layer by specific groups of organic compounds can 


provide helpful information to the problem of fouling [252], Organic 
size or molecular weight distribution can be determined by HPSEC 
(other names are gel permeation chromatography or gel filtration 
chromatography) or by F1FFF. In F1PSEC, which is an elution 
technique, the degree at which the organic foulant constituents 
can diffuse through the pores of the stationary phase controls the 
differences in retention. This depends on the dimension of the 
molecules and the distribution of the pore size. The driving force for 
the retention is the differences in entropy of the solute inside the 
pore volume compared with that in the mobile phase. F1FFF is also 
an elution technique, wherein the hydronamics involved are quite 
similar as with the hydrodynamics of a crossflow membrane 
filtration system. FIFFF uses the average residence time of the solute 
as the basic measurement parameter and separation of components 
is based on the differences in solute diffusion coefficients and Stokes 
radii [253], Measurements of retention times can yield these proper¬ 
ties for each fractionated component. FIFFF has also been used to 
measure the sizes of bacteria during biofouling test [254,255], 

5.3. Biological characterization 

The characterization associated with biofouling is complicated 
due to the presence of living microorganisms. One of the simplest 
ways to characterize biofouling is through determining the num¬ 
ber of microorganisms present. This is done by a streak-plate 
method, wherein a bacterial colony is inoculated in an agar plate, 
and incubated for about 12-24 h. The bacterial colonies grow in 
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Fig. 13. XRD analysis of the formed deposit on the membrane surface showing the 
presence calcite crystals (adapted from [115]). 

number, and the colonies can clearly be counted by the naked eye 
or by a colony counter. However, some microorganisms do not 
grow in agar plate, making it a limitation of this method. 

CLSM is a non-destructive technique which obtains high- 
resolution optical images with depth selectivity. In combination 
with a fluorescent probe, in-situ visualization and quantification of 
biofilms are possible through CLSM [256], The CLSM works by 
focusing a laser beam onto a small focal volume on the target 
surface, and the reflected light is collected back and detected by a 
photodetection device, and the light signal is converted into 
images that can be observed through a computer monitor. 


6. Future perspectives and concluding remarks 

Fouling is a persistent problem in areas where water is utilized 
including desalination, water and wastewater treatment, heat exchan¬ 
gers, and cooling water systems. In membrane-based separation 
processes including MD, unwanted deposits on the surface of the 
membrane, or inside the membrane pores are formed due to the 
precipitation of mineral salts (scaling) or deposition of colloidal 
matters and precipitates (inorganic fouling), accumulation of organic 
compounds such as HA and protein (organic fouling), and deposition 
and growth of microorganisms (biofouling). 

Due to the promising potential of membrane distillation for 
many applications, increasing number of studies has been carried 
out in recent years. However, fouling studies are still lacking. Most 
of the MD papers published in the literature focused on the flux 
performance, and some on the fouling phenomena, but very little 
can be found on the in-depth study of the actual mechanism 
behind fouling in MD. The research on the fouling mechanism 
should be carried out in accordance to the working principles of 
MD. In order to understand fouling and how to deal with it 
effectively, more in-depth research and analysis have to be done, 
especially in differentiating the fouling problem specific for MD 
operational parameters and mechanisms compared to other 
membrane-separation processes. As MD utilizes bigger pore sizes 
compared to pressure-driven membrane processes, the pore sizes 
and pore size distribution must be accounted for in the study of 
fouling. Additional exploration on the differences in MD fouling 
formation and mechanism happening on different types of mem¬ 
brane such as flat-sheet, hollow fiber, and most recently, nanofiber 
membrane should be carried out. 

Most of the previous studies were focused on the scaling problem. 
However, extension of MD application to wastewater treatment 
needs to address more of organic and biological fouling, in conjunc¬ 
tion with inorganic scaling. This makes the fouling study more 
complex; thus more insight of the mechanisms of mixed fouling 
should be given importance in the future. The more stringent laws on 


conservation of the environment and protection of human health 
should lead to fouling control procedures that lessen or eliminate the 
use of chemicals. New non-chemical methods such as process 
optimization, membrane surface modification, or even physical water 
treatment techniques need to be given more attention in future 
studies as anti-fouling strategies. The mitigation or prevention 
method should be simple and inexpensive to give more viability 
for the commercialization of MD. 

It could be noticed that most of the MD studies in the literature 
utilized a DCMD set-up; thus fouling problems reported may not be 
representative of the fouling potential in other MD set-ups such as 
vacuum-assisted MD, air-gap MD, and sweep gas MD. There is a need 
to provide more detailed information on fouling formation in various 
types of MD set-ups, as well as on the use of different membrane 
types including flat-sheet, hollow fiber and nanofiber membranes. As 
new works have been reported on the use of MD for groundwater 
purification and removal of toxic inorganic constituents, the fouling 
formation on these situations should also be evaluated. 

Additionally, more modeling studies incorporating the effect of 
fouling in conjunction with experimental studies should be carried 
out. A few previous modeling studies have taken into account the 
effect of fouling layer in MD. Gryta [29] reported experimental and 
modeling studies of DCMD for the concentration of saline waste- 
water. The model used only took into account the effect of thermal 
resistance, and not hydraulic resistance. It was found that the 
model can give good prediction of porous deposit layer only when 
thermal resistance is considered. However, for gel or layer with 
very small pore size, the hydraulic resistance must be taken into 
account to provide good prediction, but the effect of hydraulic 
resistance was not attempted for modeling in this study. Several 
succeeding reports [74,75,192] for MDBR application carried out 
modeling studies; however, the effect of hydraulic resistance was 
also left out and not incorporated in the model. These studies have 
speculated that the biofouling/gel layer might have contributed a 
hydraulic resistance to water permeation [29,74], or by vapor- 
pressure depression due to the very small pore structure of the 
biofouling layer [75], In a recent study, Chew et al. [55] developed 
a model that incorporated the vapor-depression effect especially 
designed for MMBF layers with very small pores or free volume 
(< 50 nm). The results indicated that the large flux reduction in 
previous reports could be explained by the vapor-depression effect 
associated with the very small pores (i.e., 3.9-8.5 nm) of the 
hydrophilic fouling layer. Increasing the thermal resistance by 
utilizing thicker, high porosity membrane, or by utilizing dual¬ 
layer membranes with hydrophilic layer with large pores at the 
feed side is suggested to reduce the effect of vapor-depression and 
improve the MD performance for MDBR application. 

Understanding the fouling phenomena and the processes 
involved is the first step to solving the fouling problem. This 
review gives an overall view of the status of fouling problem and 
their mechanisms in membrane distillation, and some steps taken 
to alleviate the fouling problem. Aside from optimizing the 
operational parameters as well as improving the membrane 
structure to enhance the MD performance, addressing the fouling 
problem with non-chemical or less chemical mitigation or clean¬ 
ing techniques should be one of the directions for the future. 

Acknowledgments 

This research was supported by a grant from the Industrial 
Facilities & Infrastructure Research Program funded by the Minis¬ 
try of Land, Infrastructure and Transport of the Korean govern¬ 
ment. The authors acknowledge the grant from the UTS 
Chancellor's Postdoctoral Research Fellowship 2013 and ARC 
Future Fellowship (FT140101208). 


















240 


L.D. Tijing et al. / Journal of Membrane Science 475 (2015) 215-244 


Nomenclature 

A constant in Antoine equation (dimensionless) 

B constant in Antoine equation (dimensionless) 

B g pore geometric factor (dimensionless) 

C constant in Antoine equation (dimensionless) 

C m overall mass transfer coefficient for water vapor 
through the membrane (kg/m 2 s Pa) 

D ab diffusivity of water vapor in air (m 2 /s) 
d pore diameter (m) 

J mass flux (kg/m 2 h) 

J V d mass flux considering the effect of vapor pressure 
depression (kg/m 2 s) 

k m effective thermal conductivity of the microporous 
membrane (W/m I<) 

k2 thermal conductivity of the biofouling layer (W/ 

m 1<) 

hj convective heat transfer coefficient at the feed side 

(W/m 2 k) 

h 4 convective heat transfer coefficient at the permeate 

side (W/m 2 k) 

M a molecular weight (kg/kmol) 

p total pressure for the transport of volatile 

component (Pa) 

Pfir, partial vapor pressure at the membrane surface of 
the feed side (Pa) 

p'f m reduced partial vapor pressure due to vapor pres¬ 
sure depression (Pa) 

p pm partial vapor pressure at the membrane surface of 
the permeate side (Pa) 

R universal gas constant (J/mol 1 <) 

K, convective heat transfer resistance at the hot feed 

(K m 2 /W) 

R l2 effective resistance of the resistances R, and R 2 in 
series (K m 2 /W) 

R 124 effective resistance of the resistances R lt R 2 , and R 4 

in series (K m 2 /W) 

R 2 conductive heat transfer resistance associated with 

the fouling layer (K m 2 /W) 

R 3 effective heat transfer resistance associated with 

the resistances ( R m , R v ) in the membrane (m 2 K/W) 
R 4 convective heat transfer resistance at the cold 

permeate (I< m 2 /W) 

R m conductive heat transfer resistance associated with 
the porous membrane (K m 2 /W) 

R t total heat transfer resistance (K m 2 /W) 

R v pseudoheat transfer resistance associated with the 

vaporization of water (K m 2 /W) 
tf bulk temperature at the feed side (K) 

tji temperature at the fouling layer/feed side water 

interface (K) 

tfm temperature at the membrane surface of the feed 
side (I<) 

t p bulk temperature at the permeate side (I<) 

t pm temperature at the membrane surface of the 
permeate side (K) 

T Kelvin temperature (K) 

T m mean temperature within the membrane (K) 

V w molar volume of liquid water (m 3 /mol) 

Greek symbols 

fi small parameter that characterizes the Kelvin effect 

(dimensionless) 


S m membrane thickness (m) 

S 2 thickness of the biofouling layer (m) 

A T k effective temperature difference across the mem¬ 
brane in the presence of a fouling layer (K) 
e membrane porosity 

8 contact angle of the membrane surface (deg.) 

A heat of vaporization of water (W s/kg) 

<7 surface tension of the solution (N/m or kg/s 2 ) 

t membrane tortuosity 
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